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FOREWORD

This report describes an ultra high tip speed fan designed by the Pratt &
Whitney Aircraft Group, Commercial Products Division, United Technologies
Corporation under contract NAS3-15335 for the National Aeronautics and
Space Administration, NASA-Lewis Research Center. The aerodynamic de­
sign section was written by J. E. Halle and G. D. Burger, and the mechanical
design section was written by R. E. Dundas. The report also includes discus­
sions of the structural test results of composite blades fabricated of graphite
fibers in a PMR polyimide matrix by W. E. Winters of TRW, Inc. and in a
Kerimid 601 polyimide matrix by J. A. Arnold ofP&WA. During this pro­
gram effort, Mr. R. D. Hager was the NASA Project Manager and Mr. H. V.
Marman was the P&WA Program Manager.
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SUMMARY

A highly loaded, single-stage compressor having a tip speed of 670.6 m/sec [2200 ft/sec] has
been designed under Contract NAS3-15335. TIle purpose of the program is to investigate the
use of very high tip speeds and high aerodynamic loadings to obtain high stage pressure ratios
at acceptable levels of efficiency. The rotor has been designed for precompression (compres­
sion ahead of the covered channel between blades) at radii where inlet supersonic relative
Mach numbers are high enough to allow attached oblique shocks at the leading edge. No inlet­
guide-vane is used, and the stator vanes are designed for zero exit swirl. The design pressure
ratio is 2.8 at an adiabatic efficiency of 84.4%. Corrected design flow is 83.4 kg/sec [ 184.0
Ibm/sec]; corrected design speed is 15,200 rpm; and rotor inlet tip diameter is 0.853 m [33.6
in.]. Because of the high tip speed, rotor blades are designed to be fabricated of composite
materials.

The aerodynamic design of the rotor is the result of an iteration between airfoil design cal­
culations and axisymmetric flow field calculations. The flow field calculation gave intrablade
radial distributions of flow and aerodynamic conditions. Airfoil design calculations gave intra­
blade flow conditions on conical surfaces approximating stream surfaces of revolution. The
iteration was performed to match work, loss, blockage, and static pressure distributions
axially and radially through the rotor to obtain flow field conditions compatible with the as­
sumed low loss shock wave systems of the airfoil design calculations.

The rotor design uses multiple-circular-arc airfoil sections from the hub to 15 percent span,
precompression airfoils assuming single, strong oblique shocks from 21 to 43 percent span,
and precompression airfoils assuming multiple oblique shocks from 52 percent span to the
tip. Each airfoil section is designed for the lowest possible shock losses. Normal shocks are
assumed at radial locations where the leading edge angle of the airfoil is too large for an at­
tached shock at the design relative Mach number. Strong oblique shocks are assumed
where leading edge shocks can be attached and where subsonic diffusion is required down­
stream of the shock. Multiple weak oblique-shocks are assumed where leading edge shocks
can be attached and where exit relative Mach numbers are compatible with an oblique
shock at the exit of the channel between airfoils.

Rotor losses were estimated using a loss model in which shock and profile losses are considered
separately. Shock losses were estimated based on relative Mach numbers and airfoil shape.
Profile losses were estimated based on theoretical boundary layer calculations, modified to
conform to cascade test results. Both loss components were calculated for each pass of the
design iteration since they are a function of airfoil shape.

The stator airfoils are multiple-circular-arcs. Stator loss estimates are based on a correlation
of loss parameter versus diffusion factor and percent span. The stator leading edge is located
close behind the rotor. The calculated stator inlet Mach number reaches a maximum of 0.89
at the hub.



Courtaulds HTS graphite fiber in polyimide matrix Kerimid 601 is assumed for the rotor
blade design - after completion of the design, a NASA developed polyimide resin matrix
(designated PMR) with significantly superior qualities was investigated as an alternate com­
posite. A typical rotor blade cross-section is composed of a core of radially oriented plies
0.0254 em [0.01 in.] thick incased in a shell of 0.0127 em [0.005 in.] thick plies oriented
±40°. In addition, two cross-plies (±75°) at the tip are required to reduce tip flutter to ac­
ceptable levels. The blade is secured to the disk by a "dovetail" formed by fanning out
blade fibers into bundles with aluminum wedges bonded to the bundles. The bearing sur­
faces are titanium pads bonded to the outer fiber bundles. The design vane material is AMS
5613 stainless steel.

A discussion of structural test results of blades both with Kerimid and with PMR matrix
is presented in appendixes to the report.

Due to unsatisfactory materials performance, no aerodynamic performance tests will be
conducted.
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INTRODUCTION

Future aircraft powerplants require lightweight compressors that are efficient over a wide
range of operation. Weight reductions can be obtained by increasing stage pressure ratio to
reduce the number of fan and compressor stages. Pressure ratio per stage can be increased
considerably above current levels by increasing rotor wheel speed and blade loadings. How­
ever, careful consideration must be given to blade element design in order to avoid severe
aerodynamic losses. These losses result from strong shocks at high Mach numbers and from
boundary layer growth due to shock impingement and high blade loadings. In addition, the
higher tip speeds increase stress levels on blades and blade attachments, requiring new
materials.

An extensive research program conducted by NASA on high-speed, highly loaded fan stages
has proven that good performance can be obtained with these operating conditions. As part
of the NASA program, P&WA successfully demonstrated the performance of a 487.7 m/sec
[1600 ft/sec] and a 548.6 m/sec [ 1800 ft/sec] tip speed fan stage. The 487.7 m/sec fan
produced a stage pressure ratio of 1.946 at an adiabatic efficiency of 84.5% with multiple­
circular-arc (MCA) airfoil sections (ref. 1). The 548.6 m/sec fan produced a stage pressure
ratio of 2.2 at an adiabatic efficiency of 82% with part MCA and part precompression airfoils
with strong oblique shocks (ref. 2).

As part of this series of high tip speed, highly loaded, single-stage compressors, a 670.6 m/sec
[2200 ft/sec] tip speed fan stage was designed. This report describes the aerodynamic and
mechanical design of that fan. The results of structural tests of the blades are discussed in
Appendixes I and J.

Symbols and abbreviations used in the report are defined in Appendix A.
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AERODYNAMIC DESIGN

The 670.6 m/sec [2200 ft/sec] tip speed fan stage has a hub-tip ratio of 0.5 and a design flow
per inlet annulus area of 195.1 kg/m2 -sec [40.0 1bm/ft2 -sec] at the rotor inlet. The design
pressure ratio is 2.8, and the predicted stage adiabatic efficiency is 84.4%. The rotor has
supersonic relative Mach numbers for the entire inlet span and supersonic exit flow from
65 percent span to the tip. The blade design incorporates three airfoil shapes: MCA airfoils,
single oblique-shock precompression airfoils, and multiple oblique-shock precompression air­
foils. The stage has no inlet guide vanes and a zero exit swirl. In addition the rotor aero­
dynamic design must be compatible with mechanical design criteria, including the require­
ment for fabrication of composite material.

A summary of overall performance and blade vane design parameters is presented in Table I.

TABLE I - OVERALL PERFORMANCE AND BLADE AND VANE DESIGN PARAMETERS

FAN DESIGN OVERALL PERFORMANCE PARAMETERS

4

Rotor Pressure Ratio

Rotor Efficiency (adia,), %

Stage Pressure Ratio

Stage Efficiency (adia,), %

Corrected Flow, kg/sec

Corrected Speed, rpm

BLADE AND VANE DESIGN PARAMETERS

Rotor Inlet Tip Diameter, meter

Rotor Tip Speed, m/sec

Rotor Tip Relative Mach Number

Rotor Tip Diffusion Factor
(90% span from hub)

Rotor Inlet Hub-Tip Ratio

Rotor Tip Solidity

Number of Rotor Blades

Rotor Aspect Ratio
(average length/axially projected
hub chord)

Stator Hub Mach Number
(10% span from hub)

Number of Stator Vanes

Stator Aspect Ratio
(average length/axially projected
hub chord)

2.88

87,1

2.80

84.4

83.4 [184,0 Ibm/sec]

15,200

0,853 [33,6 in.]

670,6 [2200 ft/sec I

2.15

00435

0,5

IAl3

19

1.63

0.845

60,

1.58



FLOWPATH AND VECTOR DIAGRAM DESIGN

The flowpath is designed to utilize existing ducts and casings from the 548.6 m/sec [1800
ft/sec] compressor, (ref. 2) with modifications for optimum performance with the higher
rotor tip speed. Contract requirements established the hub-tip ratio, rotor tip speed, and
approximate pressure ratio. The design pressure ratio, specific flow, and blade and vane
solidities and aspect ratios evolved from a study of blade element loadings and fan flow cap­
acity using an axisymmetric streamline analysis program (described in Appendix B) for the
flowfield calculation.

The first objective of the study was to raise specific flow from the 180.5 kg/sec-m2 [38.7
lbm/sec-ft2] of the reference 3 flowpath to a higher value more compatible with advanced
engine designs. Rotor aspect ratio was reduced to give larger streamline radii of curvature at
the rotor inlet and to increase the axial component of meridional Mach number near both
endwalls. This change gives a more even distribution of meridional velocity at the rotor in­
let, permitting specific flow to be increased to 195.1 kg/sec-m 2 [40.0 lbm/sec-ftZ

] without
choking and with the same annulus convergence across the rotor. Profiles of meridional
Mach number at the rotor inlet are compared in Figure 1, and the flowpath modification is
shown in Figure 2.

The second objective was to determine the maximum pressure ratio consistent with reasonable
values of stall margin and exit Mach number. The desired 2.8 pressure ratio could not be
obtained with the reference 3 flowpath without excessive stator loadings. Therefore, stator
hub convergence was increased and the stator chord was lengthened to increase solidity. Ac­
ceptable loadings were calculated for a 2.8 pressure ratio with the revised flowpath (solid-
line configuration in Figure 2).

The stator stacking line is at the same location as in the stator of reference 3. The higher
hub solidity of the 670.6 m/sec stator relative to the reference 3 stator results in a longer
chord axial projection which forces the rotor forward in the flowpath to obtain a suitable
rotor-stator spacing.

Spanwise distributions of velocity at the inlet and exit for the rotor and stator as calculated
by the streamline program are shown in Figures 3 and 4. Figure 3 shows the distributions of
relative velocity for the rotor, and Figure 4 shows the distributions of absolute velocity for
the stator. Blade and vane solidities are shown in Figure 5, and the corresponding loadings
are shown in Figure 6. The estimated stall margin of the stage is 12 percent.

ROTOR BLADE DESIGN

A quasi three-dimensional, intrablade design technique was used in which blade-to-blade
aerodynamic conditions from airfoil design calculations were matched to meridional plane
aerodynamic conditions from the axisymmetric flowfield that would be compatible with the
airfoil design intrablade shock system. The technique consisted of an iteration in which: I)
flow conditions at the leading and trailing edges and the intrablade stream tube convergence
from the axisymmetric flowfield calculation were used as input to airfoil design calculations
and 2) intrablade losses, blockages, and energy input from the airfoil design calculations were
used as input to the flowfield calculation. Since the flow field calculation was axisymmetric,
it was necessary to average cross-channel flow conditions from airfoil design calculations for
input into the flow field calculation.
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Axisymmetric Flowfield Calculations

Flowfield calculations were made using a relaxation program based on the Marsh method
(ref. 4) of solution of Wu's equations (ref. 5). This calculation method gives a solution for
steady, compressible, and inviscid axisymmetric flow in axial-flow turbomachinery for speci­
fied intrablade distributions of work, loss, and blockage. Fluid properties were compared
with gap-averaged values from the blade-to-blade calculations.

The relaxation program provides a more complex specification of intrablade flow conditions
(Le., flow conditions at a greater number of points) than the streamline calculation. Some
discrepancy was noted between the relaxation and streamline solutions. The relaxation
solution had higher meridional velocities at the tip and lower velocities at the hub and mid­
span, as shown by Figure 7. The relaxation calculation is believed to be more accurate be­
cause of the more detailed specification of blockage, work, and loss.

Rotor inlet and exit relative Mach numbers from the relaxation calculation are compared
with values from the streamline calculation in Figure 8. Inlet relative flow is supersonic from
hub to tip, and exit relative flow is supersonic from 65 percent span to the tip.

The design velocity vector data calculated along streamlines at the rotor leading and trailing
edges is tabulated in Appendix C, Rotor Aerodynamic Summary. The streamline calculation
values are also presented.

Airfoil Design Calculations

The rotor blading utilizes three types of airfoils, all having supersonic relative flow. The
leading edge wedge-angle of the blade and the relative inlet and exit Mach number (Figure 8)
determined the type of airfoil. Each airfoil section was chosen to provide the lowest possible
shock losses. The undefined portions of the blade are used to blend between adjacent air­
foil types and and do not represent a definite airfoil shape.

Multiple-circular-arc airfoils are specified where the combination of leading edge wedge-angle
of the airfoil and the relative Mach number does not allow the formation of an attached
oblique shock. MCA section shock losses were calculated assuming a normal shock at the
channel inlet. The sections are MCA from 0 to 10 percent flow (0 to 15.1 percent span)
from the hub.

Single-shock, precompression airfoils are specified from 15 to 35 percent flow (21.3 to
42.6 percent span) from the hub. These airfoils were designed assuming a strong, attached
oblique-shock at the channel entrance, which gives subsonic relative flow at the exit with a
lower calculated shock loss than for a normal-shock MCA blade.

From 45 to 100 percent flow (52.5 to 100 percent span) from the hub, multiple-shock pre­
compression airfoils are used. This blade design assumes one oblique shock at the channel
inlet and another at the channel exit. Other compression (or expansion) waves can exist in
the fully supersonic flow in the channel. A detailed explanation of the design system for each
of the three airfoils is presented in the following sections. Rotor blade geometry on conical
surfaces is tabulated in Appendix D.
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Multiple-Circular-Arc Design

MCA sections extend from the hub to 15.1 percent span. Airfoil sections were defined by
specifying total and front chord, total and front camber, maximum thickness and its location,
and leading and trailing edge radii, as shown by Figure 9.

For the MCA blade sections, a normal shock was assumed at the first covered section of the
blade passage, as shown in Figure 10. Mach number upstream of the assumed normal shock
was calculated in two steps. First a free-streamline relationship was used to calculate flow
conditions and relative air angle at the shock position midway between blades. This free­
stream flow calculation accounted for stream tube contraction and radius change. In the
second step, the critical area ratio (AIA*) of the free-stream flow was multiplied by the ratio
of blade-channel entrance width to the width of a free-stream channel (S cos ~'). The resulting
AIA* established the upstream shock Mach number.

Rotor incidence for the MCA portion of the blade is +1.5 deg to the suction surface of the
blade at a location halfway between the leading edge and the emanation point of the first
captured Mach wave.

Front camber was used in conjunction with incidence to control the blade channel width.
Front and total camber distributions are shown in Figure 11. The ratio of minimum blade­
channel flow area to critical area, A/A*, was set at 1.04 ±l% to prevent choking, except at
the very hub where 1.02 was used. Thickness requirements at the hub limited the area mar­
gin available.

The calculation of critical area ratio (AIA*) . includes determining the flow area (A) frommm.
the channel width between blades and from stream-tube contraction or expansion as deter-
mined by the axisymmetric flow calculation. The critical area (A*) was determined from
the inlet relative Mach number with correction for radius change, shock losses, a distribution
of profile loss, and endwall loss where applicable.

Deviation was estimated using Carter's Rule and a correlation of test data from references 1,
2, and 6.

One-Shock Precompression Airfoil Design

A single, strong oblique-shock precompression airfoil is specified where the combination of
supersonic relative Mach number at the inlet and the wedge angle at the airfoil leading edge
allows the formation of an attached oblique shock and where the relative Mach number at
the exit is too low for an oblique shock at the channel exit. This shock pattern blends be­
tween the normal shock MCA sections and the multiple-shock precompression sections which
use a weak oblique-shock at the channel inlet. A schematic of the one-shock precompression
airfoil is illustrated in Figure 12. Aerodynamic surfaces were generated from which metal
surfaces were defined by subtracting the boundary layer displacement thickness as calculated
by the method presented in reference 7.

The single-shock, precompression design system assumes that the strong shock across the
channel entrance is oblique and attached to the leading edge of the airfoil. Flow conditions
upstream of the first captured Mach line are adjusted to account for losses in the bow-shock

7



system which propagates upstream of the rotor inlet plane. The suction surface, inlet section
(A-B in Figure 12) was designed to provide an aerodynamic surface (blade surface plus boundary
layer displacement thickness) that is aligned with a constant-angular-momentum streamline
from the leading edge to the first captured Mach wave. The concave surface (B-C) is the pre­
compression ramp. The curvature of this ramp generates a series of compression waves which
diffuse the supersonic flow. The wave system is designed to coalesce near A'. slightly down­
stream of the rotor inlet plane. The precompression wave system lowers the Mach number
of the flow across the passage entrance, reducing the total pressure loss associated with the
oblique shock (A'-D). The flow deflection across this oblique shock at the pressure surface
is equal to the leading edge aerodynamic wedge angle (blade wedge angle plus the angle cor­
responding to the growth of the boundary layer displacement thickness) plus the precom­
pression angle.

The shock A'-D was constructed in increments across the gap to account for gapwise changes
in flow conditions upstream of the shock. Shock losses were calculated for each increment
and mass averaged across the gap to obtain the oblique shock loss of the blade element.
Channel flow downstream of the oblique shock is subsonic; and turning and stream tube area
were made compatible with exit aerodynamic conditions. Suction surface curvature in seg­
ment C-D was designed to adjust the supersonic flow upstream of the shock to be compatible
with the shock deflection and subsonic flow conditions downstream of the shock. Iterations
were made on surface shape until compatibility was achieved, accounting for effect of radius
change and stream tube convergence (or divergence).

The suction surface immediately behind the shock impingement point, D, is aligned with the
flow direction downstream of the shock. The surface is rounded at D to allow for boundary
layer thickness changes in the region of shock impingement. The channel area is blended
from the value at D to the desired value at the channel exit. A cosine variation of stream
tube area determined the locus of points that define the suction surface (D-G). The cosine
variations are given in Appendix E.

The pressure surface segment A-E follows a free streamline downstream of the oblique shock.
Segment F-G of the pressure surface is designed to guide the flow to the desired exit angle.
Segment E-F blends smoothly between A-E and F-G. The chordwise locations of the pressure
surface points, E and F, are tabulated in Appendix D.

Multiple-Shock Precompression Blade Design

A multiple-shock precompression airfoil is specified in the outer region where exit relative
Mach numbers are sufficiently high for the existence of an oblique shock at the channel exit.
A schematic of this type of precompression blade, including terminology, is shown in Figure
13. The aerodynamic surfaces were determined by means of the multiple-shock airfoil, de­
sign system, and the metal surfaces were obtained by subtracting the boundary layer dis­
placement thickness.

The multiple-shock precompression design system assumes a weak oblique shock across the
channel entrance attached to the leading edge of the airfoil. Another oblique shock emanates
from the suction surface trailing edge to adjust the flow to exit conditions, which can have
either a supersonic or high subsonic velocity. In the supersonic flowfield generated by ad­
jacent airfoils, the waves emanating from the pressure surface (A'-E-F-l in Figure 13) are right
running and the waves from the suction surface (A-B-C-D-G-H) are left running.

8



Flow conditions upstream of the first captured Mach line were adjusted to account for the
bow-shock system which propagates upstream of the rotor inlet plane. Development of the
blade suction surface up to the shock impingement point (A-D) was the same as in the model
for the single, strong oblique-shock. Segment C-D provides compatibility between supersonic
flow conditions upstream and downstream of the weak oblique shock. The weak oblique
right shock wave A'-D was constructed in increments across the gap to account for gapwise
changes in flow conditions upstream of the shock. Shock losses were calculated for each
increment and mass averaged across the gap to obtain the right-shock loss of the blade ele­
ment. Flow deflection of this oblique shock at the pressure surface is equal to the leading
edge aerodynamic wedge angle (blade wedge angle plus boundary layer displacement) plus
the precompression angle. Channel flow downstream of this right oblique-shock is super­
sonic and contains at least one right expansion or compression wave (E-G) whose strength
was set along with the left oblique-shock strength (F-H) to satisfy exit aerodynamic condi­
tions. The left shock was assumed to originate at the aerodynamic suction surface trailing
edge. Suction surface elements D-G and G-H align respectively with the supersonic flow
directions downstream of the right shock and right expansion or compression wave. The
surface is rounded at D to allow for boundary layer thickness changes in the region of the
shock impingement.

The pressure surface segments A-E and E-F are aligned respectively with the supersonic flow
directions downstream of the right shock and right expansion or compression wave. The
remaining segment F-J is a free streamline at the desired exit angle. Chordwise locations of
the pressure surface points, E and F, are tabulated in Appendix D.

General Design Procedure

The final rotor design is the result of matching the intrablade axisymmetric flow calculation
to the airfoil blade design calculation. The matching, performed by an iterative procedure,
provided static pressure distributions consistent with the assumed shock patterns at each
design streamline. Both calculations provided solutions for conditions in the core flow
(i.e., between boundary layers) in the blade channel. The iteration procedure is outlined in
Figure 14; the input and output of each program is shown.

Intrablade Flowfield Program Input

Input for the intrablade flowfield calculation program consisted of flowpath boundary
specifications, blade edge locations, weight flow, rotor speed, axial and radial distributions
of total pressure, total temperature and blockage, and a radial distribution of stator exit
air angle. The pressures, temperatures, and blockages were core flow values which assumed
shock and endwall losses only and were compatible with the blade design programs.

Intrablade values of work and loss were input for each design airfoil section at 0, 20, 40,
60, and 80 percent of the axially projected rotor chord. Intrablade work distributions were
obtained from the cross-channel force resulting from the static pressure difference between
blade surfaces as calculated by the airfoil design programs. The calculation procedure for
work distribution is described in Appendix F. Loss distributions were obtained by applying
the shock losses from the blade design programs linearly from the point of intersection on
the suction surface to the point of intersection on the pressure surface. The bow-wave loss
was applied at the leading edge. Endwalliosses were applied linearly from the leading to
trailing edge.
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Blockage was distributed between the rotor leading and trailing edges to account for profile
loss as well as blade metal blockage. The equivalent blockages were determined by adding
boundary layer displacement thickness to the metal thickness. Both thicknesses were obtained
from the output of the blade design calculation. Blockage of endwall boundary layers was
accounted for by additional increments. These endwall blockage increments were input as
constant values at a particular calculation station, varying from two percent at the rotor
leading edge to three percent at the rotor trailing edge. Intrablade blockage terms, required
because of nonaxisymmetric flow and the interaction of shock and boundary layer, were
also included. Total blockage amounted to about 40 percent near the thickest part of the
blade (see Figure 20). Blockage terms are further discussed in Appendix G.

Airfoil Design Input

Blade inlet and exit aerodynamic conditions and flow per unit annulus area (specific flow
ratio) distribution were obtained from the intrablade axisymmetric calculation. Specific
flow ratio is a measure of streamtube convergence and is defined by

(p V m Kairfoil) inlet Aannulus local=
(p V m Kairfoil ) local Aannulus inlet

where p = density

V = meridian velocity
m

K
effective area

=
actual area

and where K.. f il is the accumulation of all blockage factors except the endwall boundaryau 0

layer blockage factor. Annulus convergence through the rotor and stator was used together
with solidity to control blade and vane loadings. Spanwise distributions of diffusion factor
for the rotor and stator are shown in Figure 6.

The distribution of specific flow ratio for design streamlines are presented in Figure 15. The
locally high value of specific flow ratio at approximately 17 percent of chord on the hub is
due to streamline curvature where flow direction must conform to the hub wall slope.

Loss Determination

The total rotor loss is the sum of shock, profile, and endwall losses, and is a function of the
airfoil shape. The rotor loss estimation was determined as part of the iteration procedure.

Shock losses were calculated for each particular-airfoil blade element, depending on the
shock model assumed (i.e., normal shock, single strong-oblique-shock, or multiple oblique
shocks). Bow wave loss was included in the calculation. The shock losses in the transition
regions between the three airfoil types were estimated by blending the calculated losses for
the adjacent sections.
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Profile loss estimates for precompression airfoils were based on the airfoil design calcula­
tions and the results of cascade tests. Analytical estimates of profile loss were based on
boundary layer calculations on blade surfaces. The calculation method of Reshotko and
Tucker (ref. 7) was utilized. The calculated losses were compared with cascade results of
similar airfoil shapes, and values at each chordwise location were multiplied by a constant
amount at each span to bring the calculations into agreement with the test results. The
blade design programs used this profile loss estimate to obtain core-flow aerodynamics for
designing the aerodynamic surfaces of the blade channel.

Endwalliosses were calculated from 0 to 20 percent and 80 to 100 percent of span. The
calculations were based on correlations of experimental, single-stage compressor data.

The total loss used to design the airfoils was obtained by summing the three component
losses (i.e., shock, profile, and endwall). Figure 16 shows the radial distribution of total
pressure recovery due to shock loss and to all losses. Figure 17 shows the corresponding
spanwise distribution of total loss coefficient.

Convergence Criteria

The design iteration was assumed to be coverged when the intrablade axisymmetric flow-
field (Wu-Marsh) and blade design programs had intrablade distributions of static pressure
which gave values of minimum AIA* within 0.5 percent and a similar pressure slope through
the channel. Work, loss, and blockage distributions were calculated by the blade-to-blade
programs, but some smoothing in the radial direction was required before input to the axisym­
metric program. For example, Figure 18 shows that the strong oblique shock, precompres­
sion sections (streamlines 4, 5, and 6) had calculated work distributions concentrated near
the front half of the blade while the outboard, multiple shock, precompression sections had
work concentrated in the rear half of the blade. The work schedules input to the axisym­
metric program had to be modified to avoid flow discontinuities in the radial direction.
This resulted in sizeable differences in input from the strong oblique shock blade calculations;
however, excellent agreement occurred for the multiple shock sections where the highest
Mach numbers occurred. No work distributions were calculated for the MCA blade sections
(streamlines 1, 2, and 3) since surface static pressures were not available to calculate work as
was done for the precompression sections (see Appendix F).

The loss distributions presented in Figure 19 include only shock and endwall loss since the
core-flow design procedure replaced profile (airfoil boundary layer) loss with an equivalent
blockage. All loss for the normal-shock MeA and strong oblique shock, precompression
blades occurs between the leading edge and the point where the shock intersects the suction
surface. Streamlines 1, 2, and 3 have endwall loss linearly superimposed from the leading
to trailing edge. Radial smoothing to prevent discontinuities in shock losses resulted in the
revised axial distributions input to the axisymmetric program. Figure 20 shows the distribu­
tion of blockage through the blade consisting of the metal plus airfoil boundary layer dis­
placement thicknesses.
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Since static pressures calculated by the intrablade flowfield program represent axisymmetric
values, it was necessary to calculate a cross-channel gap average static pressure from the air­
foil design calculations for comparison at axial locations along each streamline. The gap
average static pressure was calculated based on the AIA* distribution in the aerodynamic
channel using area weighted average of subsonic and supersonic static pressures across any
shocks that intersected an axial location where an average was desired. Static pressure com­
parisons are shown in Figure 21 for design streamlines.

Blade Geometry

The relative air angles of rotor blade leading and trailing edges are presented in Figure 22;
two curves are shown for each angle. One curve is based on the streamline calculation; the
other, on the intrablade axisymmetric flow calculation. The values from the intrablade cal­
culation were used to design the blades. Angle differences are small in the high Mach num­
ber portion of the blades. The meanline metal angles (Figure 23) used in the calculation of
incidence and deviation angles are the averages of pressure and suction surface metal angles
at the leading and trailing edges of the developed blade sections. The meanline incidence and
deviation angles for the entire blade are shown in Figures 24 and 25, respectively. The deter­
mination of incidence and deviation was discussed in the Airfoil Design Calculations section
(page 5). As shown by the data included in Figure 25a, the deviation falls within the ex­
perience of other successful MCA precompression blade designs. The increment added to
Carter's rule in the MCA portion was based on a correlation of test data from references 1,
2, and 6. The present design falls within this band, as shown in Figure 25b.

Precompression blade sections were designed for a radial distribution of cross-sectional area
determined from the preliminary mechanical design. The main purpose of this requirement
is to provide the required mechanical properties and to smooth blending of the MCA and pre­
compression blades. A spanwise distribution of blade cross-sectional areas is shown in Fig­
ure 26. The precompression airfoil cross-sectional areas were obtained primarily by control­
ling the leading edge radius, blade leading edge wedge-angle, and precompression ramp angle,
as shown respectively in Figures 27, 28, and 29. The leading edge wedge-angle and the loca­
tion of the pressure surface point, E, (Figure 12), were chosen to avoid local chordwise nar­
rowing of blade elements which could result in concentrations of vibrational stress. Blade
chord versus span is shown in Figure 30a. The ratio of maximum thickness to chord is shown
in Figure 30b.

The region of the blade from 13.4 to 19.4 percent span provides transition from the MCA
to strong-shock precompression sections. The outermost MCA conical section is at 13.4
percent span, and the first precompression section is at 19.4 percent span. The region of
the blade from 40.84 to 50.63 percent span provides transition from strong-shock precom­
pression to multiple-shock precompression sections, in a similar manner.

The blade section "stacking" program interpolates between conical sections to define stacked
sections on planes normal to a radial line, for manufacturing purposes. This program provides
interpolated stacked sections in the transition region. Significant chordwise variations in the
center of gravity locations of the sections on either side of the transition regions caused un­
desirable leading and trailing edge radial profile discontinuities when the interpolated sections
were stacked on their centers of gravity. To avoid these discontinuities, the design conical
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airfoils were shifted axially and tangentially to smooth the edge profiles. This resulted in
manufacturing sections in the transition regions which are not stacked exactly on their centers
of gravity. Stress calculations were made recognizing these offset centers of gravity. The
resulting blade coordinates are presented in Appendix H.

Shock Starting

Shock systems assumed in the design of these airfoils can be attained only if the channel be­
tween blades is capable of swallowing stronger shocks during the "starting" process. Starting
criteria were based on results from the reference 2 fan stage which achieved a started shock
system. Critical area ratios (AIA* . ) in channels between blades were analyzed to deter-mm.
mine throat area requirements. Critical area ratios for the subject fan design were compared
with ratios at which starting was achieved in the reference 2 test.

Critical area ratios were calculated based upon channel width between blades, bow-wave
losses, profile losses, streamline radius changes, specific flow ratio (stream tube contraction),
and different assumed shock systems. The minimum AIA* ratios for the subject design pre­
compression blade sections are plotted versus span in Figure 31 for three types of assumed
shock loss. The corresponding curves for the reference 3(a) fan design are also presented.
The minimum AIA* ratio occurs just downstream of the right shock for the single-shock
airfoils and at the last covered section for the multiple-shock airfoils. Curve A in Figure 31
was computed on the basis of the design shock loss (i.e., the one or two oblique-shock models
shown in Figures 12 and 13). The AIA* . ranged from 1.02 to 1.36. Curve B in Figure 31mm.
is the minimum AIA* distribution based on a normal shock at the channel entrance Mach
number (after the precompression ramp) with design total loss held constant. Curve C is
also based on a normal shock at the channel entrance, but the design profile loss is held con­
stant so that the overall total loss is higher than design.

(a) Reference 2 and reference 3 are reports for the same fan stage, the 548.6 m/sec [1800 ft/sec] tip speed
fan.
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STATOR VANE DESIGN

The stator has 60 vanes - the same as for the reference 2 stator - and all have MCA airfoil
sections from root to tip. Airfoil sections were designed on conical surfaces approximating
stream surfaces of revolution. The design procedure did not involve the intrablade analysis
performed for the rotor. Inlet and exit aerodynamics came from the streamline flowfield
program which has been used successfully in earlier fan programs. The design velocity vector
data calculated along streamlines at the stator leading and trailing edges is tabulated in Ap­
pendix C. Stator losses were calculated by means of a correlation of loss parameter versus
diffusion factor and percent span. Figure 32 shows the final radial distribution of stator
loss coefficient. Spanwise distributions of absolute flow angle and Mach number are shown
in Figures 22 and 33.

Vane chord length varies from 7.44 cm [2.93 in.] at the hub to 6.33 cm [2.61 in.] at the tip,
which gives a hub solidity of 2.5. The high solidity is necessary to keep the hub diffusion
factor below 0.5. Aspect ratio is 1.58, based on average blade length and axially projected
chord at the hub. Figure 34 shows front and total chords for the MCA airfoils versus span.
Maximum thickness-to-ehord ratio is 0.07 at the tip, tapering linearly to 0.05 at the hub.
This stator blade thickness distribution was selected to provide mechanical integrity and low
blade-element loss. Figure 35 shows the maximum thickness-to-chord ratio and its chord­
wise location versus span.

Incidence to the suction surface varies from zero degrees at the hub to -3 degrees at the tip
(Figure 36) based on minimum loss data from similar stators. Camber distributions was em­
ployed to control throat area in the channel between adjacent vanes. The optimum ratio of
capture-area to throat-area, defined in reference 8, was used to set throat area. Figure 37
shows axial distributions of AIA* in channels between stator blades, and Figure 38 shows
the minimum AIA* versus span.

Stator deviation angles were determined using Carter's rule plus an adjustment based on data
from references 1 and 9. The spanwise distribution of Carter's rule and design deviation­
angles are given in Figure 39.

Figure 40 presents mean camber-line metal-angles versus span, and Figure 41 presents front
and total camber angles. All angles in these figures are measured on conical surfaces on
which the airfoils were designed. Stator geometry on conical surfaces is summarized in Ap­
pendix D.

For manufacturing purposes, airfoil sections were defined on planes normal to a radial line
which passes through the center of gravity of the hub section. Coordinates of these sections
are tabulated in Appendix H.
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MECHANICAL DESIGN

The 670.6 m/sec [2200 ft/sec] fan was designed to utilize the existing hubs, drive shaft,
cases, bearings, and bearing supports of the earlier 548.6 m/sec [1800 ft/sec] fan (ref 3).
Because of the severe stresses due to the high tip speed, a rotor fabricated of a high strength,
composite material is required. The original choice of a composite was Courtaulds HTS gra­
phite fiber in the polyimide matrix Kerimid 601. However, about midway through the con­
tract, consideration was given to the substitution of a NASA-Lewis developed matrix ma­
terial PMR. This new material is a polyimide resin with improved temperature capability,
dictility, and translation of fiber properties in graphite fiber composites. Substitution of the
material does not affect airfoil shape since the shape was primarily developed to satisfy
aerodynamic considerations. Only the original material is discussed in this section of the re­
port. A discussion of the results of structural tests of the Kerimid 601 matrix blades by
J. A. Arnold of P&WA is presented in Appendix I. An evaluation of the PMR polyimide
blade by W. E. Winters of TRW Inc. including a discussion of structural test results is pre­
sented in Appendix J.

The vane material is conventional AMS 5616 stainless steel.

ROTOR BLADE DESIGN

The minimum specification properties of the original prepreg are:

Ultimate tensile strength: 124,000 N/cm2 [180,000 lbm/in. 2
]

Flexure strength (amb.): 138,000 N/cm2 [200,000 lbm/in. 2 ]

Flexure strength (260°C [500°F]): 103,000 N/cm2 [150,000 lbm/in. 2 ]

Short beam shear strength: 7,580 N/cm2 [11,000 lbm/in.2 ]

Flexure modulus of elasticity x 10-6 : 11.7 N/cm2 [17 lbm/in. 2 ]

The strength of the composite is a function of the orientation of the fibers to the direction of
loading, assuming an equal number of plies tilted at a given angle in each direction from the
direction of loading. The ability of a composite material to retain high strength when loaded
off-axis is a result of a complex interaction of shear in the matrix and of the transverse ten­
sion in the prepreg, and is a function of the material strength in those modes.

Curves of minimum tensile and shear strengths are presented in Figure 42 as functions of
ply orientation angle. The solid line curves show the values originally assumed in the de­
sign. The values are based on typical strength-loss curves for similar materials. However,
tests conducted by TRW, Inc. (broken-line curve) indicate that the strength of plies oriented
at ± 10° fall far below the solid-line curve. Thus, limiting the ply orientation in the core to
only radial plies was believed necessary for adequate strength.
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Curves of elastic modulus and shear modulus are presented in Figure 43 as a function of
ply orientation angle. These curves are also basedon typical data on similar composites.

A typical cross-section of the blade is presented in Figure 44. The figure shows a core of
radially oriented plies 0.0254 cm [0.01 in.] thick encased in a shell of 0.0177 cm [0.005
in.] thick plies arranged alternately at angles of +400 and _400 from the radial. The core
provides radial strength and stiffness while the shell absorbs untwist effects and provides
torsional stiffness. A criterion of 15 percent of the maximum blade thickness at any sta­
tion, or as nearly so as consistent with good ply layup, was used to establish shell thickness
for each radial station.

The airfoil cross-sections change to parallelogram sections between the inner flowpath and
the top of the dovetail attachment. Figure 45 shows this section, and identifies the loca­
tion and magnitude of some of the critical stresses. The dovetail is oriented to minimize
the severity of the transition bends from the airfoil leading edge, and is as close as feasible
to an axial direction to minimize design difficulties in the area of the disk rim, difficulties
inherent in highly staggered broach angles. Figure 46 shows the transition at the leading
edge. This eccentricity contributes heavily to high stresses calculated in the root area.

The centrifugal stresses were calculated by means of an ASKA program (a finite element
program). The blade material was assumed to be an isotropic, nonuniform, wraped plate
in a centrifugal field; and complete stress distributions on both the pressure and suction sides
were obtained. This distribution includes all centrifugal, twistup, untwist, nonradial stack­
ing, and local eccentricity effects.

The stress distributions over the cross sections at various radial stations were converted to
direct radial load and transverse bending moment distributions. These in tum were distrib­
uted between the core and the shell at each axial location in proportion to the local radial
and flexural stiffness, and the resulting stresses in each were calculated. This procedure is
believed to give good representation of peak stresses and stress gradients although the ac­
tual distribution of stresses may be off because of the assumption of isotropy.
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Curves of stresses over the cross sections at eight radial calculation stations! are presented
in Figures 47 through 62. Curves are given for radial tensile stresses in the core and on the
outer surface of the shell for both pressure and suction sides of the blade.

The peak calculated stress in the core is 61,400 N/cm2 [89,000 Ibm/in.2
] at the leading

edge on the pressure side in the attachment area (18.29 cm [7.2 in.] radial station). The
radial stress in the shell at this point is 16,500 N/cm2 [24,000 Ibm/in.2

]. The local temp­
erature in this region is expected to be about 1000 C (see Figure 63). At this temperature
there is a reduction in ultimate tensile strength from 124,000 N/cm2 to about 114,000
N/cm2 [165,000 Ibm/in.2 ]. It is a normal P&WA practice to limit the calculated stresses in
composite blades to 70 percent of the ultimate tensile strength to allow for vibratory stresses
and any deterioration in the strength of the plies. Based on this criterion, the blade is safe
since it would be stressed to about 55 percent of the ultimate strength.

The ideal ultimate tensile strength of ±40° fibers is about 27,600 N/cm2 [40,000 Ibm/in.2
] ;

see the solid-line curve in Figure 42. If this ideal value were reliable, the blade would be
assumed to be safe since the maximum stress is 16,500 N/cm 2

, providing a stress-strength
ratio of 60 percent which is within the P&WA 70 percent criterion. However, the TRW
tests indicate that the tensile strength at this orientation angle may be considerably below
the ideal value; in which case the shell would be overstressed. Local overstressing in the
shell could lead to cracking of the matrix, but the load would redistribute accordingly.
P&WA has operation experience with microcracks and has not seen any evidence that the
basic integrity of the blade is compromised by these cracks for the relatively short opera­
tional time typical of the current program. Therefore, any such cracking can be expected
to be confined to very local areas and not endanger the blade.

Bending stresses at the blade root due to air loads can be reduced significantly by tilting the
blade axially (forward) and tangentially (opposite the direction of rotation). In this way,
centrifugal forces on the blade have bending moments about the blade root that counter­
act the bending moments caused by the air loads.

The rig is intended to be operated at approximately 50.8 cm Hg [20 in. Hg], and this pres­
sure was used to determine tilt offsets. The calculated air pressures were integrated chord­
wise at the various blade radial stations to establish a spanwise distribution of air load. In
determining the bending moments, stresses, and deflections resulting from air loads and
from the tilt centrifugal forces, the blade was treated as a beam with rigid (unwraped) sec­
tions.

The air-load bending stress calculated at the root is 10,300 N/cm2 [15,000 Ibm/in.2 ] at
50.8 cm Hg inlet pressure. The tip of the blade is offset. The axial offset is 0.140 cm

1. The radial calculation stations are measured from the centerline of the rig.
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[0.055 in.], and the tangential offset is 0.089 cm [0.035 in.] opposite the direction ofro­
tation. These offsets cancel the air load stresses at the root at the operating inlet pressure.

If the air load were to drop to zero during a surge, the peak root centrifugal stress would
actually be reduced by the tilt centrifugal stresses. Figure 64 shows the tilt directions and
magnitudes and the air load, tilt, and centrifugal stresses at the root and net operating and
net surge stresses.

Rotor Untwist and Tip Uncamber

The untwist of the entire blade due to twist-up and varying stagger in the centrifugal field
was calculated. Each section was assumed to be rigid and stacked with the centroids on a
radial line. Based on these assumptions, the untwist at the tip was calculated to be 0.45
degrees.

A calculation was also made by NASA, using a NASTRAN simulation of the blade as a dis­
torted, nonuniform composite plate in a centrifugal field; and the tip untwist was found to
be 0.7 degrees. The 0.7 degree untwist is believed to be more realistic since the effect of
the eccentricities of the centroids from the radial were accounted for. The 0.7 degree
figure was therefore adopted. A curve of the manufacturing pretwist required to achieve
the desired aerodynamic stagger at speed is shown in Figure 65.

The rotor tip is reinforced by two 0.017 cm [0.005 in.] plies oriented +75 0 and _75 0

(shown in Figure 46) to the radial direction in order to provide chordwise stiffness in this
area. This is done both to avoid the possibility of tip chordwise flutter in the high Mach
number stream and to minimize uncambering or overcambering of the thin leading edge at
the tip in the centrifugal field and as a consequence of the air loads. The uncambering­
overcambering phenomenon is a result of three effects:

1) The untwist action, due to centrifugal loading and the varying stagger from root
to tip, results in transverse forces along the chord which tend to uncamber the
leading edge.

2) The centrifugal twist-up action on a staggered blade which results in components
of centrifugal force transverse to the blade chord at the tip. This is an overcam­
bering action at the leading edge.

3) The air loads transverse to the blade which tend to uncamber the tip.

A NASTRAN calculation was used to determine the deflection lines of the blade tip result­
ing from the above effects. The blade was represented by an "equivalent thickness" iso­
tropic blade having a uniform value of modulus of elasticity (E). The equivalent thickness
was established by calculating the actual composite bending stiffness (LEI) at every point,
dividing it by the adopted value of E " and establishing a thickness to give the ensuing
equivalent inertia. The tip deflections are dependent both on the chordwise stiffness (par­
ticularly in the tip area and in connection with the twist-up and air load actions) and on
the radial stiffness (particularly in connection with untwist effects). A review of the chord-
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wise and radial stiffnesses at the tip indicated that they are sufficiently close to permit the
use of chordwise stiffness throughout, and this is the way the calculation was completed.

An equivalent uniform density was used to ensure that realistic centrifugal forces were ap­
plied, particularly at the tip leading edge. This equivalent density was based on the av­
erage density of the leading outer 5.1 cm x 5.1 cm [2 in. x 2 in.J portion of the blade and
was corrected for the equivalent thickness.

A curve of uncamber as a function of fan inlet pressure is presented in Figure 66.

The rig design includes a window in the case to permit high speed photography of the blade
tip. The photographs thus obtained would permit the operating camberline of the blade
tips to be determined and the inlet throttle to be adjusted for optimum air angles. To pro­
vide maximum latitude for adjustment, the precamber specified corresponds to that calcu­
lated for an inlet pressure of 50.8 cm Hg. This precamber extends 5.1 cm [2 in.] in from
the leading edge and from the tip inward to about the 0.33 m [13.0 in.] radial station.
Curves of the precamber offset are presented in Figure 67 for various radial stations. The
average precamber is 0.45 degrees over the first 5.1 cm of chord.

Dovetail Design

The blade is secured in the disk by means of a dovetail, shown in Figure 46. The blade fibers
fan out in bundles and together with aluminum wedges bonded between bundles provide the
dovetail shape. The bearing surfaces consist of two titanium pads bonded to the outermost
fiber bundles.

The dovetail was stress analyzed by means of a two-dimensional, finite element model. The
exact geometry and stiffness of the shell fibers, pressure pads, and wedges were defined.
One-half the dovetail was analyzed with the boundary conditions shown in Figure 68. A
uniform displacement on boundary "A" was applied, and the strains and stresses throughout
the dovetail and the normal forces on the other two boundaries were computed. The pull
of the foil and dovetail per inch of dovetail length was divided by the integral of the stresses
on boundary "A" to determine a factor by which the solution is multipled.

The stresses in the dovetail cannot be accurately analyzed, and reliable criteria for compo­
site dovetails are not yet available. Furthermore, the two-dimensional model utilized
assumes a uniform dovetail symetrically loaded along its length, which is not valid because
of the eccentricities of the airfoil relative to the dovetail and because of the high angle of
the dovetail from the axial (approximately 40 degrees). The new design could only be vali­
dated by comparison with successfully demonstrated dovetails that had been analyzed by
means of the same two-dimensional, finite model.

Mter iterating to reduce the shear stresses between the composite and the aluminum wed­
ges, a six-wedge configuration was adopted (Figure 68). The direct, transverse, and bond
shear stresses throughout the six-wedge dovetail configuration are shown respectively in
Tables II, III, and IV (see Figure 69 for identification of stress location areas).
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The highest direct tensile stress calculated for the radial plies is 34,750 N/cm 2 [50,400
Ibm/in.2 ], and in the ±40° plies it is 21,400 N/cm2 [31,000 Ibm/in.2

]. The ±40° ply
stress is of concern since it is 77.5% of the tensile strength using the ideal (solid line) curve
of Figure 42. It is, however, a local stress attributable to shear lag with large stress gradi­
ents. This material can therefore be expected to yield sufficiently in this region to redis­
tribute the load.

The peak stress is 20,200 N/cm2 [29,300 Ibm/in.2
] (compressive) and should not present

a problem.

The calculated peak bond shear stress is 5,300 N/cm 2 [7,700 Ibm/in. 2 ] between the ±40°
plies and the titanium pad. This peak stress is due to shear lag and cannot be evaluated
directly because available test data are related to the average stress over a bonded surface.
Figure 68 shows selected average shear stresses over areas where direction of the shear stress
is essentially constant (i.e., over the full wedge surface in the case of the core plies and over
the upper portion of the titanium pad in the case of the shell plies). These average values
are consistent with P&WA experience. In addition, TRW has developed a bond system
(Kerimid 501) capable of developing 1,380 N/cm 2 [2,000 Ibm/in.2 ] in sandwich specimens.
The TRW experiments did not employ transverse loading. All bond surfaces in the present
design have transverse stresses of about 13,800 N/cm 2 [20,000 Ibm/in. 2 ] which should help
significantly.

STAGE VffiRAnON

Rotor Vibration

Even when advanced composite materials are used, the first bending resonance by second
order engine excitation (2E) is unavoidable with fan bIdes of moderate size with a dovetail
attachment and no shrouds. Elimination of the shroud reduces the bending frequency more
than is compensated by the high modulas-to-density ratio of advanced composites. As a
result, the composite fibers must be oriented and distributed so as to reduce first bending
frequency to a level where the 2E excitation is reasonably safe.

The blade frequencies were calculated by assuming that the blade is a beam with unwrap­
ed cross sections. Equivalent section properties of the composite sections were generated
and used in a vibration program which considered bending and torsion modes to be un­
coupled. Simultaneously, calculations were made of the frequencies of an isotropic blade,
taking into account torsion-bending coupling and the offsets of the centroids of the actual
blade sections from the radial stacking line. These calculations provided factors by which
the composite blade results could be modified to represent true geometric conditions.

A Campbell diagram is presented in Figure 70 for the coupled blade-disk system. By pro­
per ply-orientation and core-to-shell sizing, the blade-disk system was tuned to avoid criti­
cal resonances in the operating range. The first coupled bending mode 2E resonance is at
65 percent of design speed and the second bending mode 4E resonance is at 117 percent
speed. The first torsional mode 3E resonance is at 117 percent of design speed, and the
4E resonance is at 86 percent design speed.
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Figure 71 shows the tip chordwise bending mode resonance diagram for the first two modes.
Vane passing order (60E) will not excite the first or second tip modes.

Rotor Blade Flutter

In addition to avoiding critical resonances, bending and torsion frequencies were kept high
enough to achieve adequate bending and torsional stall flutter parameters. Reduced velo­
city parameters were calculated and compared with successful experience. The value of the
reduced velocity parameter is 2.7 for bending and 1.2 for torsion; both are within the suc­
cessful (no flutter) area determined through experience. Figure 70 shows the calculation.

The reduced velocity parameter for tip mode flutter is 5.3 which is consistent with success­
ful (no flutter) experience. Two cross-plies (75° orientation) are required at the tip to re­
duce the tip mode flutter parameter to the level of comparable successful experience. Fig­
ure 71 shows the calculation of the tip mode parameter.

Stator Vane Vibration

Stator vane bending and torsion frequencies were calculated considering: a) the coupling
between bending and torsion modes and b) the complete variable-vane system-vane, rota­
tion spindle, and actuation arm. As shown in Figure 72, stator vane first bending and first
torsional frequencies will not be excited by blade passing order (l9E) in the operating range.
The first torsion mode 4E resonance is at 83 percent speed; however, there is no anticipated
source of 4E resonance. The second or third torsion could be excited by the fan rotor
passing order (l9E). But these modes are not expected to be easily excited, and the reson­
ances occur low in the operating speed range (at or below 75 percent speed).

Stator Vane Flutter

Reduced velocity flutter parameters were calculated and compared with correlated test data.
The defmition and method of calculation are shown on Figure 72. The value of the reduced
velocity parameter for bending flutter is 1.55 and for torsional flutter is 1.59; both are with­
in the successful (no flutter) area determined through experience.

Stator Vane Stresses

The stator stresses due to air loads were calculated by assuming the stator to be simply sup­
ported at the ID and OD. The maximum stress was 5,200 N/cm2 [7,500 lbm/in.2 ] at am­
bient inlet pressure. At the supported ends, the airfoil overhangs the button at the leading
and trailing edge. In particular the variable spindle at the OD may be tight enough in its
bushing to provide end fixity for the vane, and the stress at the junction of the vane and
button, therefore, is of concern. Assuming the vane is fixed-fixed, the air-load moment of
6.04 m-N [53.5 in.-lbf] about the minor axis of the vane and 1.76 m-N [15.6 in.-lbf] about
the major axis at the OD. Considering only the section of the vane covered by the button,
the maximum stress due to these moments is 7,900 N/cm2 [11,500 lbf/in. 2 ] .
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The vane material is MAS 5613 stainless steel having a yield stress of 80,000 N/cm2 [116,000
Ibf/in. 2 ] at the estimated metal temperature of 149°C [300°F]. The nominal stresses
are substantially below this value and no problem is anticipated.

CRITICAL SPEED

Stiff bearing critical speed is a basic P&WA criterion which P&WA requires to be as high as
practical, preferably 25 to 35 percent above maximum operating speed. This is done to en­
sure that critical speeds in the operating range as a consequence of bearing support flexibi­
lity in conjunction with rotor flexibility have a high percentage of the total strain energy of
the vibration system in the stationary components. As a result, structural damping is maxi­
mized and the critical speeds are tolerable. This criterion also ensures that at a critical
speed the relative whirl between rotor and case is minimum, thus assisting in maintaining tip
clearance.

For the subject rotor, the stiff bearing critical speed is at 15,400 rpm (l 0 1 percent speed).
Although this is lower than had been desired, the dynamics of the system can be shown to
be satisfactory. The mode-shape is shown in Figure 73. A model if the entire dynamic
system used in the frame and rotor critical speed analyses is presented in Figure 74. The
linear and torsional spring constants of the bearing supports are also shown.

Frame and rotor calculations were made up to 20,000 rpm (25 percent above maximum
speed) to allow for the normal inaccuracy in calculating these complex modes. Table V
lists the calculated criticals and information on the percentage of total strain energy in the
rotor. Figures 75 through 79 show the mode shapes of the criticals that have significant
motion of the fan rotor. The mode shapes and criticals are very similar to those obtained
in the reference 3 fan. In particular, the critical at 11,480 rpm (76 percent speed) has 31
percent of the total strain energy in the rotor.

Pratt & Whitney Aircraft normally provides a bearing damper where there is a critical speed
in the operating range having more than 25 percent strain energy in the rotating components.
Therefore, a series of forced response analyses were conducted on the system, both with and
without a damper at the front bearing and with unbalances at the rotor and at the flexible
diaphragm behind the No.2 bearing.

Figures 80 and 81 show the results of the forced response calculations. In the first figure,
the response of the rotor to 0.706 N-cm [I oz-in.] unbalance in its own plane is shown as a
function of speed both with and without a damper at the front bearing. In the case without
the damper, values of structural damping coefficients were used that are consistent with typ­
cal P&WA experience. These values are shown in Figure 73. The damping coefficient and
damper spring rate were calculated based on geometry, clearance, and viscosity of the lubri­
cant. The nonlinear characteristics of the damper were recognized in the calculation. The
rotor would be balanced to better than 0.035 N-cm [0.05 oz-in.], but development of some
additional unbalance during running must be assumed. A factor of five (for an operating un­
balance of 0.883 N-cm [1.25 oz-in.] ) is a reasonable assumption.
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Figure 80 indicates, therefore, that without a damper at the front bearing the amplitude of
the fan rotor due to an unbalance of 0.883 N-cm [1.25 oz-in.] in its plane would be 0.0750
mm [six mils] at the critical speed at 11,480 rpm, 0.0127 mm [0.5 mils] at 12,300 rpm,
0.0635 mm [2.5 mils] at the critical now estimated to occur at 116 percent speed. The ad­
dition of the damper would reduce these amplitudes to 0.0190,0.0127, and 0.00444 mm
[0.75,0.5, & 0.175 mils], respectively. At the highest critical speed, the damper would re­
duce the amplitude at the diaphragm coupling from 0.108 to 0.0318 mm [4.25 to 1.25 mils].

The values of response without the damper are relatively high (0.610 mm [24 mils] atrthe
rotor for 0.706 N-cm [1 oz-in.] unbalance at the lowest critical). Providing a damper in such
a sensitive system is desirable. The damper would reduce this sensitivity to 0.108 mm per
N-cm [3 mils per oz-in.], a much more reasonable value. For these reasons, the damper
should be used in the rig.

Figure 81 shows the effect of unbalance in the plane of the diaphragm. Significant unbalance
at this location is not expected, and the figure is mainly of interest to indicate the potential
of balancing at this plane. A study of the figure shows that without a damper a 0.706N-cm
[1 oz-in.] unbalance at the diaphragm would reduce the amplitude of the rotor by 0.432
mm [17 mils] at 11,480 rpm, 0.559 mm [2.2 mils] at 12,300 rpm, and 0.432 mm [17 mils]
at 17,700 rpm. The corresponding values are 0.0127, 0.0114, and 0.127 mm [0.5,0.45, & 5
mils] with a damper. These figures indicate good balancing potential at the highest critical,
even in a damped system.

TABLE V - STRAIN ENERGY PERCENT FOR CALCULATED ROTOR CRITICALS

Critical Strain Energy (%)
""-

Speed (rpm) Mode Fan Rotor Drive Shaft Turboshaft Total Rotor
i

596 Mount 0 0.6 0 0.6

4,452 0 1.6 0.2 1.8

5,540 OD Case 0.2 0.2 0 0.4

11,482 Fan Rotor 30.2 l.0 0 31.2

12,268 Inlet Fairing 9.6 0.3 0 9.9

17,685 Drive Shaft 10.2 IS .1 3.6 28.9

18,435 OD Case 4.8 2.5 1.6 8.9

19,654 Drive Shaft 7.2 13.3 3.1 23.6
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Figure 14 General Design Procedure
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Figure 19 (Cant 'd) Axial Loss Distributions for Design Streamlines
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circles indicate blade program values (metal + blade boundary + endwall blockage).
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CENTRIFUGAL 11.7 -6.89 -22.8 17.2 61.4 -20.7 45.5
[17J [-10] [-33] [25J [89J [-30] [66]

AIR LOAD (50.8 em Hg) 2.8 -10.3 +10.3 -2.1 2.8 -7.58 -8.96
[4J [-15] [+15] [-3J [+4J [-11] [-13]
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Figure 64 Blade Tilt to Offset Air Loads
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+40
0

SHELL PLIES

ALUMINUM WEDGE (A)

RADIAL CORE PLIES (1)

ALUMINUM WEDGE (B)

RADIAL CORE PLIES (2)

PLANE OF SYMMETRY

(NO SHEAR FORCES)

BOND SHEAR STRESS, N/Cm
2

[lbf/in3J X 10.3

INTERFACE PEAK SHEAR AVERAGE SHEAR

PRESSURE PAD/SHELL PLIES 2.84 [7.7] 0.793 [2.15]

SHELL PLlES!WEDGE (A) 1.92 [5.2J

WEDGE (A)/CORE PLIES (1) 0.640 [4.7] 0.800 [2.17]

CORE PLIES (1)!WEDGE (B) 1.14 [3.1]

WEDGE (B}/CORE PLIES (2) 1.51 [4.1] 0.491 [1.33J

CORE PLIES (2,/WEDGE (C) 0.516 [ 1.4J

WEDGE (C)/CORE PLIES (3) 0.959 [2.6] 0.616 [1.67]
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Symbol

A

A/A*

a

b

c

D

E

H

H

K

LE

M

MCA

N

p

APPENDIX A

NOMENCLATURE

Definition

area

(area)/(sonic flow area)

distance along chord line to maximum camber point from leading edge

rotor semichord at 75 percent of span from root

aerodynamic chord, i.e., along the flow surface

V'2 r2 V()2 - q V() 1
diffusion factor for rotor = 1 - -,-' + ,

V 1 (q + f2) a V 1

V4 r3V()3 - r4 V()4
for stator = 1 - - + ------

V3 (r3 + r4) a V3

excitations per rotor revolution

stagnation enthalpy

boundary layer shape factor

incidence angle between inlet air direction and line tangent to blade
mean camber line at leading edge, degrees

incidence angle between inlet air direction and line tangent to blade
suction surface at leading edge, degrees

blockage factor, effective/actual flow area

radial spring rates

stress concentration factor

leading edge

Mach number

multiple-circular-arc blade

rotor speed, rpm

pressure
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Symbol

PIA

PC

r

R

R

Rc

s

T

t

TE

T 14

U

V

W

WA

x conical

y conical

114

NOMENCLATURE (Continued)

Definition

centrifugal pull stress

precompression blade

radius

total pressure recovery defined as Pactuallpideal

distance along conical surface from apex to blade

streamline radius of curvature

blade spacing

temperature

blade maximum thickness

trailing edge

torsional spring rates

rotor tangential speed

air velocity

weight flow

leading edge wedge angle

distance in unwrapped conical plane

airfoil coordinate of pressure surface normal to chord line

airfoil coordinate of suction surface normal to chord line

vertical distrance to airfoil center of gravity from chord line

length along calculation station

distance normal to x conical



Symbol

Z

Z* ratio

{3

{3'

{3*

'Y

8*

€

o

p

a

NOMENCLATURE (Continued)

Definition

axial distance

shroud modulus/airfoil modulus

airfoil coordinate parallel to chord line

horizontal distance to airfoil center of gravity from leading edge
along chord line

absolute air angle = COT -1 (Vm/VO)

relative air angle = COT -1 (V~2..
(V 0)

metal angle, angle between tangent to mean camber line and
meridional direction

blade chord angle, angle between chord and axial direction

deviation angle, exit air angle minus metal angle at trailing edge

boundary layer displacement thickness

angle between tangent to streamline projected on meridional plane
and axial direction

cone angle = TAN -1 (rte - f}e)
(Zte - Zle)

adiabatic efficiency

circumferential direction

angle of calculation station measured from axial direction

density

angle on conical surface of revolution

solidity or stress

camber angle, difference between blade angles at leading and trailing
edges on conical surface

camber angle, difference between blade angles at leading and trailing
edges on the unwrapped conical surface
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Symbol

w

w

av

ew

f

Ie

m

p

r

ss

t

te

z

e

2

3

4

116

NOMENCLATURE (Continued)

Definition

front camber angle, difference between blade angles at leading edge
and MCA transition point on the unwrapped conical surface

angular velocity

torsional frequency

total pressure loss coefficient, mass average defect in relative total
pressure divided by difference between inlet stagnation and static
pressures

Subscripts:

average

end wall

front

leading edge

meridional direction (r - z plane)

profile

radial direction

suction surface

total or stagnation

trailing edge

axial direction

circumferential

station into rotor along leading edge

station out of rotor along trailing edge

station into stator along leading edge

station out of stator along trailing edge



Symbol

*
o

NOMENCLATURE (Continued)

Definition

Superscripts:

relative to rotor

designates blade metal angle

degrees of arc or temperature
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APPENDIX B

STREAMLINE FLOW FIELD CALCULATION PROCEDURES

The aerodynamic flow field calculation used in the flow-path design assumes axisymmetric
flow and uses solutions of continuity, energy, and radial equilibrium equations. These equa­
tions account for streamline curvature and radial gradients of enthalpy and entropy, but
viscous terms are neglected. Calculations were performed on stations oriented at an angle
Xwith respect to the axial direction.

The equation of motion is in the form of:

v2 1 ap
sin (X - f) - __0 + - -

r p ar
o

af
Rc = = streamline radius of curvature

am

Enthalpy rise across a rotor for a streamline l/J is given by the Euler relationship

Weight flow is calculated by the continuity equation

W
sin (X-f)

sin X
y dy

where K is the local blockage factor and y is the length along the calculation station from
the centerline to the point of interest.
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APPENDIX C

AERODYNAMIC SUMMARY

121



N
RO

TO
R

A
ER

O
D

Y
N

A
M

IC
SU

M
M

AR
Y,

1-
Iu

-M
A

R
SI

I
SO

LU
TI

O
N

N
RO

TO
R

TI
lL

ET

E
n

g
li

sh
U

n
it

s

P
e
rc

e
n

t
D

ia
l'

lB
te

r
V

V
I

V
V e

f~
js

ec
U

~
~'

E-
F

lo
li

In
c
h

e
s

~
M

'
ft

/s
e
c

ft
/s

e
c

f
t
~
e
c

ft
/s

e
c

ft
/s

e
c

D
eg

re
es

D
eg

re
es

D
eg

re
es

a
16

.7
05

.4
17

3
1.

08
6

45
8.

1
11

92
.

45
8.

1
0.

0
-n

oo
.5

11
00

.5
0.

0
67

.!
Jl

26
.3

8
5

18
.3

54
.4

84
2

1.
21

0
52

8.
1

13
2l

.
52

8.
1

0.
0

-1
20

9.
3

12
09

.3
0.

0
66

.4
0

26
.4

1
10

19
.6

70
.5

L
8 4

1.
31

5
59

4.
8

11
12

7.
59

4.
8

0.
0

-1
29

6.
0

12
96

,0
0.

0
65

.3
5

22
.1

0
15

20
.7

99
.5

89
7

1,
40

0
63

6.
7

15
27

.
63

6.
7

0.
0

-1
37

0.
4

13
70

.4
0.

0
65

.0
9

17
.5

2
25

22
.7

50
.6

16
5

1.
52

3
66

3.
7

16
38

.
66

3.
7

0.
0

-1
49

8.
9

1
~
1
9
8
.
9

0.
0

66
.1

2
10

.0
8

35
24

.4
85

.6
13

8
1.

61
9

66
1.

0
17

43
.

66
1.

0
0.

0
-1

61
3.

2
16

13
.2

0.
0

67
.7

2
4.

80
45

26
.1

19
.6

02
8

1.
70

6
65

0.
0

18
40

.
65

0.
0

0.
0

-1
7

/0
.9

17
20

.9
0.

0
69

.3
1

2.
34

55
27

.6
50

.6
11

3
1

,7
99

65
/J

.5
19

38
.

65
8.

5
0.

0
-1

82
1,

8
18

21
,8

0.
0

70
.1

3
.4

3
65

'2
9.

07
2

.6
33

4
1,

89
2

68
0.

6
20

32
.

68
0.

6
0.

0
-1

91
5.

5
19

15
.5

0.
0

70
.4

3
-1

.9
9

75
30

.4
23

.6
28

9
1,

96
8

67
6.

1
21

17
.

67
6.

1
0.

0
-2

00
4.

4
20

04
.4

0
.0

71
.3

6
-5

.0
0

85
31

,7
29

.6
26

8
2.

04
3

67
3.

9
22

00
.

67
).

9
0.

0
-2

09
0.

5
20

90
.5

0
.0

72
.1

4
-8

.0
6

95
32

.9
62

.6
36

1
2.

12
1

68
3.

2
22

79
.

68
3.

2
0.

0
-2

17
3.

1
21

73
.1

0.
0

72
.5

5
-1

1.
20

10
0

33
.5

95
~
6
2
r
i
a

2.
15

3
67

6.
0

23
14

.
67

6.
0

0.
0

-2
21

3.
2

22
13

.2
0.

0
73

.0
2

-1
2.

39

S1
U

n
it

s
,

P
e
rc

e
n

t
D

ia
n

e
te

r
V

V
'

V m
Vg

V
I g

U
\'

{'>
E

F
le

w
M

e
te

rs
H

H
'

m
/s

ec
m

/s
ec

m
/s

ec
m

/s
ec

m
/s

ec
m

/s
ec

R
ad

ia
n

s
R

ad
ia

n
s

R
ad

ia
n

s

:
;
)
~

0
.4

24
3

.4
17

3
1.

08
6

13
9.

6
36

3.
3

13
9.

6
0.

0
-3

35
.4

33
5.

4
0.

0
1.

17
63

.4
60

3
5

.4
66

2
.4

84
2

1.
21

0
16

1.
1

40
2.

6
16

1.
1

0.
0

-3
68

.6
36

8.
6

0.
0

1.
15

87
.4

60
9

~
~

10
.4

99
6

.5
48

4
1.

31
5

18
1,

3
43

4.
9

18
1,

)
0.

0
-3

95
.0

39
5.

0
0.

0
1,

14
04

.3
85

6
.....

.,
t
t
:
"
'
,
~

15
,5

2
iJ
3

.5
89

7
1.

40
0

19
4.

1
46

4.
4

19
4.

1
0.

0
-4

17
.7

41
7.

7
0.

0
1.

13
58

.3
05

7
•
.!

7
;;

~;
;

9
25

.5
77

9
.6

16
5

1,
52

3
20

2.
3

49
9.

3
20

2.
3

0.
0

-4
56

.9
45

6.
9

0.
0

1,
15

38
.1

75
9

:.
;

';:
1

35
.6

21
9

.6
13

8
1.

61
9

20
1.

5
53

1,
)

20
1.

5
0.

0
-4

91
,7

49
1,

7
0.

0
1.

18
17

.0
83

8
r...,

e
45

.6
63

4
.6

02
8

1.
70

6
19

8.
1

56
0.

8
19

8.
1

0.
0

-5
24

.5
52

4.
5

0.
0

L
20

95
.0

40
8

~
C

')
55

.7
02

3
.6

11
3

1.
79

9
20

0.
7

59
0.

7
20

0.
7

0.
0

-5
55

.3
55

5.
3

0.
0

1.
22

38
.0

07
5

1-
.';"

'
65

.7
38

4
.6

33
4

1.
89

2
20

7.
4

61
9.

4
20

7.
4

0.
0

-S
83

.8
58

3.
8

0.
0

1.
22

90
-.

03
47

">
"./

75
.7

72
7

.6
28

9
1.

96
8

20
6,

1
64

5.
3

20
6.

1
0.

0
-6

10
.9

61
0.

9
0.

0
1.

24
52

-.
08

73
~

""
!

-
-
~

65
.8

05
9

.6
26

8
2.

04
3

20
5.

4
67

0.
6

2
0
~
.
4

0.
0

-6
37

.2
63

7.
2

0.
0

1.
25

88
-.

14
06

"'_.
_J

95
.8

37
7

.6
36

1
2.

12
1

20
8.

2
69

4.
5

20
8.

2
0.

0
-6

62
.4

66
2.

4
0

.0
1.

26
60

-.
19

54
1"

-:3
10

0
.8

53
3

.6
28

8
2.

15
3

20
6.

0
70

5.
3

20
6.

0
0.

0
-6

74
.6

67
4.

6
0.

0
1.

27
42

-.
21

62
\

-~
...

....
.

.....
"

'-
'

I
'
~
j



N W

R
or

O
R

A
E

R
O

D
m

A
II

IC
SL

t1
M

AR
Y,

W
u-

M
A

R
SH

S
01

ll
rI

O
N

.(
II

IX
E

D
)

RO
TO

R
EX

IT

E
n

g
li

sh
U

n
it

s

P
er

ce
n

t
D

ia
m

et
er

V
V

'
f~

is
ec

(3
\>,

(
V

g
V

'g
U

F
lo

..
In

ch
es

II
II

'
rt

!s
e
c

rt
!s

e
c

ft
!s

e
c

ft
/s

e
c

rt
ls

e
e

D
eg

re
es

D
eg

re
es

D
eg

re
es

W
D

PI
P

ln
ln

T
IT

l r
,l

e
t

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

0
21

.0
99

.8
54

8
.5

72
0

10
58

.
70

8.
2

52
7.

4
91

7.
5

47
2.

5
13

90
.1

6
~
.
1
1

41
.8

7
26

.0
4

.2
45

7
.5

98
8

3.
01

39
1.

40
96

5
21

.7
58

.8
19

8
.6

18
4

10
19

.
76

7.
4

52
3.

3
87

20
3

56
1.

0
14

33
.6

59
.0

4
47

.0
1

21
.9

1
.1

91
9

.5
91

2
2.

97
11

1.
40

1
S

10
22

.3
85

.7
91

3
.6

59
5

98
5.

62
0.

3
51

6.
6

83
7.

7
63

6.
5

14
74

.9
58

.3
4

50
.9

7
18

.0
6

.1
65

7
.5

83
4

2.
%

O
u

1.
39

Si
l

15
22

.9
95

.7
68

4
.6

97
2

95
9.

86
90

3
50

9.
9

81
1.

0
70

4.
5

1
)1

5
.0

57
.8

4
54

.0
9

14
.7

0
.1

52
4

.5
74

1
2.

92
02

1.
39

46
25

24
.1

63
.7

35
3

.7
67

5
92

1.
96

1.
2

50
1.

8
77

2.
2

82
0.

0
15

92
.0

56
.9

9
58

.5
4

1
0

,)
9

.1
47

5
.5

51
8

2.
89

33
1.

39
48

35
25

.3
06

.7
02

8
.8

28
9

88
6.

10
43

.4
48

2.
0

74
1.

9
92

5.
0

16
67

.3
56

.9
9

62
.4

8
5.

87
.1

47
9

.5
32

3
2.

87
94

1.
39

73
/,5

26
./,

37
.6

73
8

.8
91

2
85

2.
11

27
.0

/,6
3.

9
n

/'
.7

10
27

.0
17

41
.9

57
.0

1
65

.6
9

1.
61

.1
48

5
.5

12
3

2.
85

87
1.

39
98

55
27

.5
60

.6
49

1
.9

5/
,6

82
5.

12
12

.0
45

0.
1

69
0.

4
11

27
.0

18
15

.8
56

.9
0

68
.2

0
-3

.1
7

.1
48

8
.4

92
3

2.
86

09
1.

L
iC

26
65

28
.6

72
.6

30
4

1.
02

22
80

2.
:\

30
,.5

44
6.

9
66

6.
7

12
22

.0
18

89
.1

56
.1

6
69

.9
1

-7
.5

9
.1

48
1

.4
70

1
2.

85
39

1.
40

<'
5

75
29

.7
69

.6
15

0
1.

08
71

78
6.

13
88

.1
44

5.
4

64
6.

7
13

14
.0

19
61

.4
55

.4
4

71
.2

8
-1

2.
02

.1
49

2
.4

47
7

~
.
8
5
1
9

1.
40

73
85

30
.8

29
.6

09
5

1.
15

13
78

1.
1/

'7
3.

3
45

8.
3

63
1.

0
14

00
.0

20
31

.2
54

.0
1

71
.8

7
-1

3.
08

.1
54

4
.4

27
8

2.
85

12
1.

41
16

95
31

.8
48

.6
09

1
1.

20
09

78
3.

15
43

.0
46

7.
2

62
7.

8
14

72
.0

20
98

.4
53

.3
5

72
.3

8
-1

3.
22

.1
71

0
.4

17
8

2.
85

50
1

.4
2

'0
10

0
32

,3
L

L
.6

10
3

1.
22

17
78

5
15

73
.7

47
0.

9
62

9.
4

15
02

.0
21

31
.0

53
.2

0
72

.5
9

-1
3.

78
.1

83
9

.4
14

4
2.

85
74

1.
45

08

S
I

U
n

it
s

P
e

rc
e

n
t

D
ia

m
et

er
V

VI
V

m
V

g
V

'S
U

(',
'0'

E
F

lo
w

M
e

te
rs

II
M

'
m

/s
e

c
rn

/s
ec

m
/s

e
c

m
/s

ec
m

/s
e

c
m

/s
ec

R
ad

ia
n

s
R

ad
ia

n
s

R
a

d
ia

n
s

OJ
D

PI
P

in
le

t
TI

T
ir

le
t

-
-

-
-
-

0
.5

35
9

.8
54

8
.5

72
0

32
2.

5
21

5.
9

16
0.

8
27

9.
7

14
4.

0
42

3.
7

1.
04

89
.7

30
6

.4
54

4
.2

45
7

.5
98

8
3.

01
39

1.
40

96
5

.5
52

7
.8

19
8

.6
18

4
31

0.
6

23
3.

9
15

9.
5

26
5

.9
17

1.
0

43
6.

9
1.

03
02

.8
20

3
.3

82
3

.1
91

9
.5

91
2

2.
97

11
1.

40
16

10
.5

58
6

.7
91

3
.6

59
5

30
0.

2
25

0.
0

15
7.

5
25

5.
3

19
4.

0
44

90
S

1.
01

80
.8

89
4

.3
15

1
.1

65
7

.5
83

4
2.

94
04

1
.3

96
.1

15
.5

84
1

.7
68

4
.6

97
2

29
2.

3
21

0.
9

15
5.

4
24

7.
2

21
4.

7
46

1.
8

1.
00

93
.9

43
9

.2
56

5
.1

52
4

.5
74

1
2.

92
02

1.
39

46
25

.6
13

7
.7

35
3

.7
67

5
28

0.
7

29
2.

9
15

2.
9

23
5.

4
24

9.
9

48
5.

2
.9

9/
,5

1.
02

15
.1

81
3

.1
47

5
.5

51
3

2.
89

33
1

.3
94

8
35

.6
42

8
.7

02
8

.8
28

9
27

0.
1

31
8.

0
14

6.
9

22
6.

9
28

1.
9

50
8.

2
.9

94
5

1.
09

03
.1

02
4

.1
47

9
.5

32
3

2.
87

94
1

.5
97

3
45

.6
71

5
.6

73
8

.8
91

2
25

9.
7

3/
'3

.5
14

1.
4

21
7.

8
31

3.
0

53
0.

9
.9

94
8

1.
1/

'6
3

.0
28

1
.1

48
5

.5
12

3
2.

8S
il7

1
.;

9
9

8

55
.7

00
0

.6
49

1
.9

54
6

25
1.

5
36

9.
4

13
7.

2
21

0.
4

34
3.

5
55

3.
5

.9
92

9
1.

19
01

-.
05

53
.1

48
8

.4
92

3
2.

86
09

1.
40

26

65
.7

28
3

.6
30

4
1.

02
22

24
4.

4
39

6.
7

13
6.

2
20

3.
2

37
2.

5
57

5.
8

.9
80

0
1.

21
99

-.
13

24
.1

48
1

.4
70

1
2.

85
39

1.
40

45

75
.7

56
1

.6
15

0
1.

08
11

23
9.

6
42

3.
1

13
5.

8
19

7.
1

40
0.

5
59

7.
8

.9
67

4
1

.2
4

)8
-.

20
97

.1
49

2
.4

47
7

2.
85

19
1.

/'0
73

85
.7

83
1

.6
09

5
1.

15
13

23
8.

0
44

9.
1

13
9.

7
19

20
3

42
6.

7
61

9.
1

.9
42

5
1.

25
41

-.
22

82
.1

54
4

.4
27

8
2.

85
12

1.
41

16
95

.8
08

9
.0

69
1

1.
20

09
23

8.
7

47
0.

3
14

2.
4

19
1.

4
44

8.
7

63
9.

6
.9

30
9

1.
26

30
-.

23
07

.1
71

0
.4

17
8

2.
85

50
1.

42
30

10
0

.8
21

5
.6

10
3

1.
22

17
23

9.
3

47
9.

7
14

3.
5

19
1.

8
45

7.
8

64
90

5
.9

28
3

1.
26

67
-.

24
05

.1
83

9
.4

14
4

2.
85

74
1.

43
08



N
RO

TO
R

AE
RO

DY
NA

M
IC

SU
M

M
AR

Y,
Sl

RE
A

M
LI

N
E

SO
Ll

JT
IO

O
+>-

RO
TO

R
TI

JL
ET

E
ng

li
sh

!I
ni

ts

P
er

ce
nt

D
ia

m
et

er
V

V
'

V m
Vg

V
l g

U
~>

f?:
'

f
Fl

ow
In

ch
es

M
M

I
ft

/s
ec

ft
/s

ec
ft

/s
ec

ft
/s

ec
ft

/s
ec

ft
/s

ec
D

eg
re

es
D

eg
re

es
D

eg
re

es

0
16

.7
05

.L
66

1.
10

9
50

9.
L

12
12

.7
50

9.
L

0.
0

-1
10

0.
5

11
00

.5
0.

0
65

.1
6

28
.0

6
5

18
.1

L
2

.L
99

1.
20

5
5L

3.
5

13
13

.0
5L

3.
5

0.
0

-1
19

5.
2

11
95

.2
0.

0
65

.5
5

22
.7

L
10

19
.L

02
.5

26
1.

28
8

57
1.

6
lL

O
O

.2
57

1.
6

0.
0

-1
27

8.
2

12
78

.2
0.

0
6
~
.
9
0

18
.5

2
15

20
.5

/'0
.5

L
9

1.
36

3
59

5.
1

lL
78

.2
59

5.
1

0.
0

-1
35

3.
2

13
53

.2
0.

0
66

.2
6

lL
.9

9
25

22
.5

65
.5

8L
l.L

9L
63

0.
6

16
1/

,.8
63

0.
6

0.
0

-l
L

86
.6

lL
86

.6
0.

0
67

.0
1

9.
27

35
2L

.3
62

.6
07

1.
60

8
65

3.
9

17
33

.1
65

3.
9

0.
0

-1
60

5.
0

16
05

.0
0.

0
67

.8
3

L
.7

3
L5

26
.0

05
.6

21
1

.7
09

66
8.

1
18

38
.9

66
8.

1
0.

0
-1

71
3.

2
17

13
.2

0.
0

68
.6

9
.9

6
55

27
.5

35
.6

28
1.

80
1

67
5.

3
19

35
.7

67
5.

3
0.

0
-1

81
L

.0
18

1L
.0

0.
0

69
.6

8
-2

.2
6

65
2G

.9
81

.6
30

1.
88

5
6

n
/,

20
25

.9
67

7.
L

0.
0

-1
90

9.
3

19
09

.3
0.

0
70

.L
7

-5
.0

5
75

30
.3

60
.6

29
1.

96
4

67
5.

7
21

11
.1

67
5.

7
0.

0
-2

L'
O

O
.1

20
00

.1
0

.0
71

.3
3

-7
05

L
85

31
.6

85
.6

2L
2.

03
9

67
1.

1
21

92
.7

67
1.

1
0.

0
-2

08
7.

L
20

87
.L

0
.0

72
.1

8
-9

.7
8

95
32

.9
68

.6
18

2.
11

0
66

5.
0

22
71

.L
66

5.
0

0.
0

-2
17

1.
9

21
71

.9
0

.0
72

.9
8

-1
1.

79
10

0
33

.5
95

.6
15

2.
1L

5
66

1.
9

23
10

.1
'

66
1.

9
0.

0
-2

21
3.

2
22

13
.2

0
.0

73
.3

5
-1

2.
68

SI
U

ni
ts

P
er

ce
nt

D
ia

ne
te

r
V

VI
V m

V
g

V
g

l
U

(3
<;>

'
E.

Fl
ow

M
et

er
s

~
M

'
m

ls
ec

m
ls

ec
m

/S
8

C
m

ls
ec

m
/s

ec
m

ls
ec

R
ad

ia
ns

R
ad

ia
ns

H
ad

ia
ns

a
.V

!L
;]

oL
66

1.
10

9
15

5.
3

36
9.

6
15

5.
3

0.
0

-3
35

.L
-3

35
.4

0
.0

1.
13

70
.4

89
6

5
.L

60
8

./'
99

1.
20

5
16

5.
7

40
0.

2
16

5.
7

0.
0

-3
6/

'.3
-3

6L
.3

0.
0

1.
1L

38
.3

96
8

1
0

.
L
9
~
a

_5
26

1.
28

8
17

L
..2

L
26

.8
17

4.
2

0.
0

-3
89

.6
-J

89
.h

0.
0

1.
15

00
.,

2
,2

15
.

.5
21

7
.5

L
9

10
36

3
18

1.
L

L
50

.6
18

1.
4

0.
0

-4
12

.5
-L

12
.5

0.
0

1.
15

62
.2

61
6

25
.5

73
2

.5
84

1.
49

L
19

2.
2

L
92

.2
19

2.
2

0.
0

-4
53

.1
-4

53
.1

0.
0

1.
16

93
.1

61
8

35
.6

18
8

.6
07

1.
60

8
19

9.
3

52
8.

2
19

9.
3

0.
0

-4
89

.2
-4

89
.2

0.
0

1.
18

36
.0

82
5

L5
.6

60
5

.6
21

1
.7

09
20

3.
6

56
0.

5
20

3.
6

0.
0

-5
22

.2
-5

22
.2

0.
0

1.
19

86
.0

16
8

55
.6

99
/,

.6
28

1.
80

1
20

5.
8

59
0.

0
20

5.
8

0.
0

-5
52

.9
-5

52
.9

0.
0

1.
21

59
-.

03
94

65
.7

36
1

.6
30

1.
88

5
20

6.
5

61
7.

5
20

6.
5

0.
0

-5
81

.9
-5

81
.9

0.
0

1.
22

97
-.

08
81

75
.7

71
1

.6
29

1.
96

4
20

5.
9

64
3.

5
20

5.
9

0.
0

-6
09

.6
-6

09
.6

0
.0

1.
2L

/'7
-.

13
16

85
.8

04
8

.6
2L

2.
03

9
20

L
.6

66
8.

3
20

L
.6

0.
0

-6
36

.2
-6

36
.2

0.
0

1.
25

95
-.

17
07

95
.8

37
4

.6
18

2.
11

0
20

2.
7

69
2.

3
20

2.
7

0.
0

-6
61

.9
-6

61
.9

0.
0

1.
27

35
-.

20
57

10
0

.8
53

3
.6

15
2.

1L
5

20
1.

7
70

L
.l

20
1.

7
0.

0
-6

7L
.6

-6
7L

.6
0

.0
1.

28
00

-.
22

13



N V
I

R
O

TO
R

A
ER

O
D

Y
N

A
M

IC
SU

M
M

A
RY

,
ST

R
E

A
llL

IN
E

S
O

L
lI

rI
C

Il

RO
TO

R
E

X
IT

E
N

G
L

IS
H

U
N

IT
S

P
er

ce
n

t
D

ia
m

et
er

V
V

'
ft

~e
c

V
g

V
'g

U
(>

\'>
'

E
F

lo
w

In
ch

es
II

II
'

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

D
e

g
re

e
s

D
eg

re
es

D
eg

re
es

W
D

P
IP

in
le

t
T

IT
in

le
t

0
21

.0
99

.8
81

.6
02

10
85

.4
74

1.
7

57
4.

5
92

0.
9

-
46

9.
1

13
90

.0
58

.0
4

39
.2

3
25

.9
6

.2
51

2
.5

78
7

3.
01

/'0
1.

/'0
97

5
21

.7
25

.8
45

.6
41

10
44

.6
79

2.
2

56
6.

7
87

7.
6

-
55

3.
7

14
31

.2
57

.1
5

44
.3

3
22

.4
3

.2
05

9
.5

70
7

2.
97

34
1.

/'0
20

10
22

03
28

.8
16

.6
77

10
10

.5
83

8.
2

55
6.

1
8/

'3
.8

-
62

7.
2

1/
'7

1.
0

56
.6

1
48

.4
4

1
9

.2
6

.1
80

4
.5

63
5

2.
94

3/
'

1.
39

73
15

22
.9

17
.7

91
.7

09
98

2.
2

88
1.

.2
54

4.
9

81
7.

2
-

69
2.

5
15

09
.7

56
.3

1
51

.8
0

1
6

.3
7

.1
65

9
'.5

57
2

2.
92

30
1.

39
49

25
24

.0
62

.7
49

.7
68

93
5.

6
95

9.
9

51
9.

6
77

8.
1

-
80

7.
1

15
85

.2
56

.2
7

57
.2

3
11

.2
8

.1
56

1
.5

46
3

2.
89

58
1

.3
9/

'tl
35

25
.1

83
.7

15
.8

27
89

8.
2

10
38

.3
49

7.
6

74
7.

7
-

91
10

3
16

59
.1

56
.3

6
61

.3
7

6.
85

.1
53

3
.5

33
0

2.
88

10
1.

39
71

45
26

.2
89

.6
85

.8
86

86
4.

8
11

18
.4

47
7.

9
72

0.
8

-1
01

1.
1

17
31

.9
56

./
'5

6/
'.7

0
2.

88
.1

52
0

S
l7

1
2.

87
03

1.
39

96
55

27
.3

86
.6

59
.9

46
83

4.
6

11
99

.7
45

9.
7

69
6.

6
-1

10
7.

6
18

0"
.2

56
.5

8
67

."
6

-
0.

71
.1

51
8

.5
00

2
2.

86
23

1.
L

o2
2

65
28

./
'7

8
.6

3"
.1

.0
0

8
80

5.
9

12
81

.9
4"

3.
0

67
3.

2
-1

20
2.

9
18

76
.1

56
.6

5
69

.7
8

-
3.

99
.1

50
8

."
81

6
2.

85
53

1
."

0
"2

75
29

.5
68

.6
12

1.
06

9
78

0.
5

13
64

.1
"2

7
.9

65
2.

7
-1

29
5.

2
19

"7
.9

56
.7

5
71

.7
2

-
6.

99
.1

51
1

./,
60

8
2.

85
2"

1.
L

06
9

85
30

.6
59

.5
91

1.
12

7
75

7.
2

1L
43

.7
"1

1.
2

63
5.

9
-1

38
3.

9
20

19
.8

57
.1

1
73

."
5

-
9.

71
.1

5"
9

."
"0

8
2.

85
15

1.
/'1

10
95

31
.7

70
.5

73
1.

17
3

73
8.

5
15

12
.1

38
4.

4
63

0.
5

-1
46

2.
4

20
92

.9
58

.6
3

75
.2

7
-1

2.
13

.1
73

0
.4

30
2

2.
85

49
1.

42
23

10
0

32
03

4"
.5

64
1.

19
3

73
0.

2
15

42
.7

36
5.

7
63

2.
0

-1
"9

8.
8

21
30

.8
59

.9
5

76
.2

9
-1

3.
21

.1
87

7
./,

27
2

2.
85

76
1.

43
09

S
I

U
N

IT
S

P
er

ce
n

t
D

ia
m

et
er

V
V

'
V
m

V
g

V
'g

U

iF
lo

w
M

e
te

rs
II

II
'

m
/s

ec
rrv

's
ec

m
/s

ec
m

/s
ec

m
/s

ec
m

/s
ec

R
ad

ia
n

s
R

ad
ia

n
s

R
ad

ia
n

s
W

D
P

IP
in

le
t

T
IT

in
le

t

0
.5

35
9

.8
81

.6
02

33
0.

8
22

6.
1

17
5.

1
20

8.
7

-1
42

.9
42

3.
7

1.
01

28
.6

84
6

.4
5

3
0

.2
51

2
.5

78
7

3.
01

40
1.

40
97

5
.5

51
8

.8
45

.6
41

31
8.

4
24

1.
5

17
2.

7
26

7.
5

-1
68

.8
"3

6.
2

.9
97

3
.7

73
6

.3
91

4
.2

05
9

.5
70

7
2.

97
34

1
."

0
2

0
10

.5
67

1
.8

16
.6

77
30

8.
0

25
5.

5
16

9.
5

25
7.

2
-1

91
.2

hU
8.

"
.9

87
8

.8
45

3
.3

36
1

.1
80

"
.5

63
5

2
.9

"3
"

1.
39

73
15

.5
82

1
.7

91
.7

09
29

9.
4

26
8.

6
16

6.
1

2"
9.

1
-2

11
.1

46
0.

2
.9

82
6

.9
03

9
.2

85
7

.1
65

9
.5

57
2

2.
92

30
1

.3
9"

9
25

.6
11

2
.7

49
.7

68
28

5.
2

29
1.

6
15

8.
4

23
7.

2
-2

"6
.0

48
3.

2
.9

81
9

.9
98

7
.1

96
8

.1
56

1
.5

46
3

2.
89

58
1.

39
48

35
.6

39
6

.7
15

.8
27

27
3.

8
31

6.
5

15
1.

7
22

7.
9

-2
77

.8
50

5.
7

.9
83

5
1.

07
09

.1
19

5
.1

53
3

.5
33

0
2.

88
10

1.
39

71
45

.6
67

7
.6

85
.8

86
26

3.
6

34
0.

9
1

"5
.7

21
9.

7
-3

08
.2

52
7.

9
.9

85
1

1.
12

90
.0

50
3

.1
52

0
.5

17
1

2.
87

03
1.

39
96

55
.6

95
6

.6
59

.9
46

25
4.

4
36

5.
5

14
0.

1
21

2.
3

-3
37

.6
50

9.
9

.9
87

3
1.

17
72

-.
01

24
.1

51
8

.5
00

2
2.

86
23

1.
"0

22
65

.7
23

3
.6

34
1.

00
8

24
5.

6
39

0.
7

13
5.

0
20

5.
2

-3
66

.6
57

1.
8

.9
88

5
1.

21
77

-.
06

96
.1

50
8

.4
81

6
2.

85
53

1.
40

L
2

75
.7

51
0

.6
12

1.
06

9
23

7.
9

"1
5.

8
13

0.
4

19
8.

9
-3

94
.8

59
3.

7
.9

90
3

1.
25

15
-.

12
20

.1
51

1
./,

60
8

2.
85

2/
'

1.
/,

06
9

85
.7

78
7

.5
91

1.
12

7
23

0.
8

4/
'0

.0
12

5.
3

19
3.

8
-4

21
.8

61
5.

6
.9

96
6

1.
28

17
-.

16
94

.1
54

9
.4

/,0
8

2.
85

15
1.

/,
11

0
95

.8
07

0
.5

73
1.

17
3

22
5.

1
46

0.
9

11
7.

2
19

2.
2

-4
45

.7
63

7.
9

1.
02

31
1.

31
35

-.
21

17
.1

73
0

.4
30

2
2.

85
49

1.
42

23
10

0
.8

21
5

.5
64

1.
19

3
22

2.
6

47
0.

2
1

ll
.5

19
2.

6
-4

56
.8

64
9.

5
1.

04
61

1.
33

13
-.

23
05

.1
87

7
.4

27
2

2.
85

76
1.

/'3
09



tv 0
\

ST
A

TO
R

A
ER

O
D

Y
N

A
M

IC
SU

M
M

AR
Y,

ST
R

EA
M

Ll
llE

SO
Ll

1I
'IO

N

ST
A

TO
R

lll
L

E
T

EN
G

LI
SH

m
lI

T
S

P
e
rc

e
n

t
D
i
a
~
t
e
r

V
V

'
V m

Vg
V

' g
U

\'>
("

E
,J

Fl
ow

In
ch

es
~

M
'

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

ft
/s

e
c

D
eg

re
es

D
eg

re
es

D
eg

re
es

0
21

.6
8

.8
92

.6
73

10
97

.8
82

7.
6

63
4.

0
89

6.
2

-
53

2.
1

14
28

.3
54

.7
3

40
.0

1
23

.5
8

5
22

.2
73

.8
62

.7
12

10
62

.3
87

7
.2

62
9.

1
85

6.
0

-
61

1.
3

14
67

.3
53

.6
9

44
.1

8
20

.1
8

10
22

.8
38

.8
36

.7
46

10
32

.9
92

1,
0

62
1.

6
82

5.
0

-
67

9.
6

15
04

.6
53

.0
0

47
05

5
17

.2
2

15
23

.3
83

.8
15

.7
76

10
09

.0
96

1,
0

61
3.

7
80

0.
9

-
73

9.
5

15
40

.4
52

.5
4

50
.3

1
14

.5
7

25
24

.4
29

.7
80

.8
30

97
0.

5
10

32
.1

59
5

.4
76

6.
4

-
84

3.
0

16
09

.4
52

.1
6

54
.7

6
10

.0
3

35
25

.4
35

.7
53

.8
81

94
0.

8
11

00
.8

58
0.

5
74

0.
3

-
93

5.
3

16
75

.7
51

,9
0

S8
.1

8
6.

13
45

26
.4

08
.7

29
.9

32
91

5.
1

11
69

.4
56

8.
0

71
7.

5
-1

02
2.

2
17

39
.8

51
,6

4
60

.9
4

2.
62

55
27

.3
S3

.7
09

.9
82

89
2.

6
12

37
.2

55
7.

2
69

'(.
4

-n
0

4
.7

18
02

.0
51

,3
8

63
.2

3
-

.
~

65
28

.2
75

.6
90

1,
03

3
87

1.
7

13
05

.3
54

7.
9

67
8.

0
-1

18
4.

7
18

62
.8

51
,0

6
65

.1
8

-
3.

74
75

29
.1

76
.6

74
1.

08
2

85
3.

8
13

71
.4

53
9.

9
66

1.
4

-1
26

0.
7

19
22

.1
50

.7
8

66
.8

1
-

6.
74

85
30

.0
60

.6
59

1.
12

8
83

7.
8

14
33

.5
53

0.
3

64
8.

6
-1

33
1.

8
19

80
.3

50
.7

3
68

.2
9

-
9.

67
95

30
.9

38
.6

46
1.

15
9

82
5.

5
14

81
.9

51
2.

0
64

7.
5

-1
39

0.
7

20
38

.2
51

.6
6

69
.7

9
-1

2.
69

10
0

31
.3

80
.6

39
1.

17
0

82
0.

1
15

01
.0

49
8.

2
65

1.
4

-l
U

IS
.9

20
67

.3
52

.5
9

70
.6

1.
-1

4.
34

C
'

;a
I

lD
lD

S
I

U
N

IT
S

cn
"C

I .... Dl
0

<
Q

.
P

e
rc

e
n

t
D

ia
m

et
er

V
V

'
V

V g
V

'g
U

(3
(3

'
E.

Dl
C

=
n

Fl
ow

M
8

tc
rs

M
M

'
m

ls
ec

m
ls

ec
mh

ec
m

ls
ec

m
ls

ec
m

ls
ec

R
ad

ia
n

s
R

ad
ia

n
s

R
ad

ia
n

s
Dl

lD
C

'Q
.

iD
':::

r
0

.5
50

7
.8
;i
~

.6
'(3

33
4.

6
25

2.
3

19
3.

2
27

3.
2

-1
62

.2
43

5.
3

.9
';5

0
.6

98
2

.4
n

5
n

O
S

.5
65

7
.8

62
.7

12
32

3.
8

26
7.

4
19

1,
7

26
0.

9
-1

86
.3

44
7.

2
.9

36
9

.7
70

9
.3

52
1

0
3

10
.5

eO
l

.8
36

.7
46

31
4.

8
28

0.
7

18
9.

5
25

1.
5

-2
07

.1
45

8.
6

.9
24

9
.8

29
7

.3
00

5
"C

I
15

.5
93

9
.8

15
.7

76
30

7.
5

29
2.

9
18

7.
1

24
4.

1
-2

25
.4

46
9.

5
.9

16
8

.8
77

9
.2

54
2

'<
25

.6
20

5
.7

80
.8

30
29

5.
8

31
4.

6
18

1,
5

23
3.

6
-2

56
.9

49
0.

5
.9

10
2

.9
5S

6
.1

75
0

35
.6

46
0

.7
S3

.8
81

28
6.

8
33

S.
5

17
6.

9
22

5.
6

-2
85

.1
51

0.
8

.9
05

7
1,

01
52

.1
07

0
45

.6
70

8
.7

29
.9

32
27

8.
9

35
6.

4
17

3.
1

21
8.

7
-3

11
.6

53
0.

3
.9

01
1

1,
06

34
.0

45
7

55
.6

94
8

.7
09

.9
82

27
2.

1
37

70
1

16
9.

8
21

2.
6

-3
36

.7
54

9.
2

.8
96

6
1.

10
34

-.
01

12
65

.7
10

2
.6

90
1.

03
3

26
5.

7
39

7.
9

16
7.

0
20

6.
7

-3
61

..
1

56
7.

8
.8

90
9

1.
13

74
-.

06
53

75
.7

41
1

.6
74

1.
08

2
26

0.
2

41
8.

0
16

4.
6

20
1.

6
-3

84
.3

58
5.

9
.8

86
1.

1.
16

58
-.

11
76

85
.7

63
5

.6
59

1.
12

8
25

5.
4

43
6.

9
16

1.
6

19
7.

7
-4

05
.9

60
3.

6
.8

85
2

1.
19

17
-.

16
87

95
.7

85
8

.6
46

1.
15

9
25

1.
6

45
1.

7
15

6.
1

19
7.

4
-4

23
.9

62
1.

2
.9

01
5

1.
21

78
-.

22
14

10
0

.7
97

1
.6

39
1.

17
0

25
0.

0
45

7.
5

15
1.

9
19

8.
5

-4
31

.6
63

0.
1

.9
17

7
1.

23
21

-.
25

02



ST
AT

OR
AE

RO
DY

IlA
II1

C
Sl

Jo
lM

AR
Y,

ST
RE

AM
LI

NE
SO

Ll
Ir1

O
O

sr
uO

R
EX

IT

m
G

L1
SH

U
N

IT
S

P
er

ce
n

t
D

ia
J:

le
te

r
V

V
'

rt
~e

c
V

'g
B

,
V

g
u

\l
E

n
o

w
In

c
h

e
s

II
II

'
ft

/s
e
c

rt
/s

e
c

rt
ls

e
c

ft
/s

e
c

rt
/s

e
c

D
e

g
re

e
s

D
e

g
re

e
s

D
e

g
re

e
s

W
D

PI
P

1
0

1
rt

T
!r

in
1

et

0
23

.0
60

.5
68

1.
31

3
72

9.
3

16
85

.2
72

9.
3

G
.O

-1
51

9.
2

15
19

.2
0

.0
6L

.3
6

6.
39

.1
7

)1
.L

93
0

2.
80

12
1.

L
09

7
5

23
.L

65
.5

59
1

.3
3

0
71

5.
9

17
03

.6
71

5.
9

0
.0

-1
5L

5.
9

15
L

5.
9

0
.0

65
.1

5
5

.7
6

.l
L

66
.L

B
7L

2
.8
06
~

1.
L

02
0

10
23

.B
65

.5
5L

1.
3L

8
70

8.
L

17
2L

.4
70

8.
L

0
.0

-1
57

2.
2

15
72

.2
0

.0
65

.7
L

5.
12

.1
lB

o
.4

79
5

2.
81

5
1.

39
73

15
24

.2
59

.5
44

1.
36

2
69

5.
8

17
L

3.
1

69
5.

8
0

.0
-1

59
8.

2
15

98
.2

0
.0

66
.L

7
L

.4
7

.1
07

3
.L

80
1

2
.
8
1
2
~

1
.:

9
4

9
25

2
5
.
0
~
1

.5
27

1
.3

9
1

67
5.

5
17

82
.6

67
5.

5
0

.0
-1

64
9.

7
16

49
.7

0
.0

67
.7

3
3.

17
.0

96
7

.L
83

2
2
.
8
0
3
~

1
.
3
9
~
8

35
25

.8
09

.5
17

1.
42

1
66

3.
8

18
25

03
66

3.
8

0
.0

-1
70

0.
3

17
00

.3
0

.0
68

.6
7

1
.8

6
.0

90
9

.4
82

8
2.

79
91

1
.:

9
7

1
45

25
.5

62
.5

12
1.

45
4

65
8.

2
18

69
.6

65
8.

2
0

.0
-1

74
9.

9
17

49
.9

0
.0

69
.3

9
.5

4
.0

8L
8

.4
78

2
2.

79
78

10
39

96
55

27
.2

97
.5

11
1.

L
87

65
7.

4
19

1L
.7

65
7.

4
0

.0
-1

79
B

03
17

98
.3

0
.0

69
.9

2
-

.7
7

.0
78

2
.4

69
5

2.
79

86
1.

L
02

2
65

2B
.0

14
.5

12
1.

52
1

65
9.

3
19

59
.8

65
9.

3
0

.0
-1

84
5.

5
18

45
.5

0
.0

70
.3

L
-2

.1
0

.0
72

8
.4

57
8

2.
79

87
1.

40
L

2
75

28
.7

10
.5

17
1

.5
5

6
66

6.
0

20
05

.3
66

6.
0

0
.0

-1
89

1.
4

18
91

.4
0

.0
70

.6
0

-3
.4

3
.0

68
7

.4
42

1
2.

80
10

1.
40

69
85

29
.3

88
.5

24
1

.5
9

0
67

5.
4

20
50

.5
67

5.
4

0
.0

-1
93

6.
1

19
36

.1
0

.0
70

.7
7

-4
.7

9
.0

68
9

.4
2L

5
2.

80
19

1
.L

ll
O

95
30

.0
47

.5
33

1
.6

2
0

68
9.

6
20

96
.2

68
9.

6
0

.0
-1

97
9.

5
19

79
.5

0
.0

70
.7

9
-6

.2
1

.0
75

3
.4

07
0

2.
80

23
1.

42
23

10
0

30
.3

70
.5

38
1

.6
3

4
69

8.
3

21
19

.1
69

8.
3

0
.0

-2
00

0.
8

20
00

.8
0

.0
70

.7
6

-6
.9

5
.0

51
7

.3
98

4
2.

80
16

1.
43

09

S1
U

N
IT

S

P
er

ce
n

t
D

ia
m

et
er

V
V

'
V

m
V

g
V

'g
U

13
r:

E
,

CO
::a

Fl
ow

M
et

er
s

II
H

'
rn

/s
ec

m
/s

ec
n

v'
se

c
m

/s
ec

m
/s

ec
m

/s
ec

R
ad

ia
n

s
R

ad
ia

n
s

R
ad

ia
n

s
w

D
P/

P
il

le
t

T
!l

in
le

t
lD

lD
-
-
-

-
-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-

-
-
-

-
-
-

-
-
-

-
-

-
-

cn
"C

I ....
0

.5
85

7
.5

68
1.

31
3

22
2.

3
51

3.
6

22
2.

3
0

.0
-L

63
.1

46
3.

1
0

.0
1

.1
2

i1
.1

11
5

.1
7S

1
.4

9
i9

2.
B

01
2

1.
40

97
Dl

0
5

.5
96

0
.5

59
1.

33
0

21
B

.2
51

9.
3

21
B

.2
0

.0
-L

71
.2

47
1.

2
0

.0
1.

13
69

.1
00

5
.1

46
6

.4
B

7L
2.

80
62

1.
L

02
0

<
=

'
10

.6
06

2
.5

54
1.

3L
B

21
5.

9
52

5.
6

21
5.

9
0

.0
-L

79
.2

47
9.

2
0

.0
1.

14
72

.o
B

93
.1

lB
O

.L
79

5
2.

B
15

8
1.

39
73

Dl
C

=
n

15
.6

16
2

.5
44

1.
36

2
21

2.
1

53
10

3
21

2.
1

0
.0

-L
87

.1
48

7.
1

0
.0

1.
15

99
.0

78
0

.1
07

3
.4

80
1

2.
81

22
1

.3
%

9
Dl

lD
25

.6
36

0
.5

27
1.

39
1

20
5.

9
5L

i.
3

20
5.

9
0

.0
-5

02
.8

50
2.

8
0

.0
1.

18
19

.0
55

3
.0

96
7

.4
83

2
2

.8
0

jl
1.

39
L

B
CO

='
35

.6
55

5
.5

17
1.

L
21

20
2.

3
55

6.
4

20
2.

3
0

.0
-5

18
.3

51
B

.3
0

.0
1.

19
B

3
.0

32
5

.0
90

9
.4

B
28

2.
79

91
10

39
71

iD
':::

r
45

.6
49

3
.5

12
1.

L
54

20
0.

6
56

9.
9

20
0.

6
0

.0
-5

33
.4

53
3.

4
0

.0
1

.2
10

9
.0

09
L

.0
84

8
.4

7B
2

2.
79

78
1.

39
96

n
O

55
.6

93
3

.5
11

l.
L

B
7

20
0.

4
58

3.
6

20
0.

4
0

.0
-5

48
.1

54
8.

1
0

.0
1

.2
20

1
-.

01
34

.0
7B

2
.4

69
5

2.
79

86
1.

L
02

2
0

3
65

.7
11

6
.5

12
1.

52
1

20
1.

0
59

7.
3

20
1.

0
0

.0
-5

62
.5

56
2.

5
0

.0
1.

22
7L

-.
03

66
.0

72
8

.L
57

8
2.

79
B

7
1.

40
42

"C
I

75
•7

29
2

.5
17

1
.5

5
6

20
3.

0
6

n
.2

20
3.

0
0

.0
-5

76
.5

57
6.

5
0

.0
1.

23
20

-.
05

99
.0

68
7

.4
L

21
2.

80
10

1.
40

69
'<

B5
.7

46
5

.5
24

1
.5

9
0

20
5.

9
62

5.
0

20
5.

9
0

.0
-5

90
.1

59
0.

1
0

.0
1

.2
3L

9
-.

0
8

3
6

.0
68

9
.L

24
5

2.
80

19
1

.L
ll

O
95

.7
63

2
.5

33
1

.6
2

0
21

0.
2

6)
8.

9
21

0.
2

0
.0

-6
03

.4
60

3.
4

0
.0

1.
23

53
-.

10
84

.0
75

3
.4

07
0

2.
80

23
1.

42
23

10
0

.7
71

4
.5

38
1

.6
3

4
21

2.
8

64
5.

9
21

2.
8

0
.0

-6
09

.8
60

9.
8

0
.0

1.
23

48
-.

12
13

.0
81

7
.3

98
4

2.
B

01
6

1.
43

09

N --
J



Page Intentionally Left Blank



APPENDIX D

AIRFOIL GEOMETRY ON CONICAL SURFACES
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The tables on the following pages present detailed data on the airfoil geometry on conical
surfaces for the rotor blades and the stator vanes. These data are based on the geometrical
definitions presented in the sketch of an unwrapped conical surface shown below.

LOCUS OF TRAILING EDGES

APEX OF CONICAL
DESIGN SURFACE
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LOCUS OF POINTS WITH·
RADIUS r • POLAR RADIUS R
AND AXIAL LOCATION Z

~ CAMBER EQUATIONS

¢ = 13"1 ·13"2

¢-Z=f3'-, . (f3\ +kTE )

BLADE MEAN
CAMBER LINE
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CONICAL SURFACE
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APPENDIX E

COSINE VARIAnON OF BLADE CHANNEL AREA

The suction surface D-G of Figure 12 is obtained by knowing the pressure surface shape and
the local channel areas determined by the equation

[

7T _Z_-Z_D )J
A = AD + (AG - AD) I - cos ( -2

ZG-ZD

This function is calculated assuming constant corrected spe­
cific flow from core-flow conditions downstream of the
oblique shock at D.

This function is calculated assuming constant corrected spe­
cific flow from exit core-flow conditions.
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APPENDIX F

CALCULATION OF INTRABLADE WORK DISTRIBUTION
BASED ON BLADE CHANNEL STATIC PRESSURE DISTRIBUTIONS

dA = rde
1\ 1\

An· u =dms

where

The precompression airfoil-design programs calculate static pressure distributions along the
pressure and suction surfaces. From these pressure distributions it is possible to calculate a
tangential velocity distribution by dividing the aerodynamic channel between boundary
layers into tangential slices and applying the momentum equation to each control volume as
shown in the figure below. Momentum in the tangential direction is given by

(p As) ~. ~ + (7 As) 'i. ~ =ffVe (p V • dA)

for a unit increment normal to the meridional

direction (see meridional view)

MERIDIONAL VIEW

~
V, t

1 _ U r de

- li-lV 1 ------

1\

e

TOP VIEW

If the friction term is ignored, the equation can be integrated to give:
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If an average pVm term is assumed across the element, the equation can be solved for .:1r V()
as follows:

where

r V() =

Pps

Pss =

.:1m

r.:1() =

x
p Vm average

average static pressure on the pressure: surface

average static pressure on the suction surface

control volume increment in meridional direction (length units)

average control volume increment in tangential direction (length units)

The pVm distribution in the blade channel is obtained by correcting the input annulus pVm
distribution (from Wu-Marsh calculation) by area ratios.

V V ()T
p m channel = p m annulus x .:1e where eT = blade gap in radians.

The meridional distribution of rV() is obtained by summing the increments from leading to
trailing edges. The trailing edge value did not always agree well with the known blade ele­
ment work calculated by the flow field program due to inaccuracies in the static pressure
distribution and the assumption of negligible friction along the blade surfaces. As a result,
the ratio of the local calculated rV() to the trailing edge rV() was used for the intrablade dis­
tribution input to the Wu-Marsh flow field program rather than absolute values. The axial
(meridional) distributions of rYe/rYe total are shown in the previous figure.
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APPENDIX G

BLOCKAGE CALCULAnONS

Total blockage factor K is defined as follows:

Flowrate, W =fP Vm KdAannulus

where K = AeffectivelAannulus for an annular stream tube.

1. Normal flow field streamline calculations have end-wall and part-span shroud blockages
included as one factor defined by:

Aeffective annulus
KEW =------

Aannulus

where A effective annulus refers to the flow field annulus area minus the boundary
layer blockage of the end walls and part-span shroud(s) in the radial direction.

2. To run a flow field solution for the core (nonboundary layer) flow, the blade metal
and blade boundary layer blockages must be accounted for in the tangential direction
at a given spanwise location. This blockage is defined by:

Kblade =
s - t - 8* tot

S
where s = blade gap at any axialloca­

tion along a streamline
(diameter changes according
to streamline angle.)

8* tot =

Aeffective channel

Aeffective annulus segment

t = blade thickness at the cor­
responding axiallocationn.

combined suction and pres­
sure surface boundary layer
displacement thickness
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3. Two additional tangential blockages due to shock-boundary layer growth and non­
axisymmetric flow contribute to reducing the effective channel area. These are de­
scribed separately below:

a. Shock-Boundary Layer Interaction Blockage

Data published in reference 10 indicates that shocks interact with the blade bound­
ary layer in a manner which prevents the full theoretical static pressure rise from
occurring across the shock. For the range of supersonic approach Mach numbers
used for this design, the data show that the shock static pressure rise corresponds
to downstream subsonic flow with an AIA* ratio between 1.00 1 and 1.002. In
this design, an AIA* value of 1.0015 at the shock-suction surface intersection was
assumed. The difference between 1.00 15 and the theoretical AIA* downstream of
the shock was used to calculate a blockage as follows:

K
Aeff chan

=
A h - ~Aeff c an B.L.

Aeff chan

= 1 -
~AIA*)B.L.

Aeff chan!A*

where ~AIA*)B.L. = AIA*) My - 1.0015

The AIA* value was distributed in a triangular pattern with the peak at the shock­
suction surface intersection and zero at distances of five boundary layers on both
sides of the peak (see the following figure).

~A/A*

~ A/A* .
mix

~ A/A*B.L.

AXIAL
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b. Blockage Due to Non-Axisymmetric Flow

The flow field calculation is made assuming axisymmetric flow. In general, grad­
ients of veloci ty and static pressure occur across gaps between blades. Gapwise
total pressure gradients also exist in axial planes intersected by shocks in the blade
passages. Real flow, with these gapwise gradients, requires more flow area than the
theoretical axisymmetric flow at the average total and static pressures of the non­
axisymmetric flow. The effect was significant only where total pressure gradients
exist, i.e., where shocks were present. The average AjA* at the midshock axial
location for the nonaxisymmetric flow condition was assumed to be the average
of the axisymmetric values upstream and downstream of the shock. The axisym­
metric AjA* was assumed to be the value corresponding to the average of static
to total pressure ratios upstream and downstream of the shock. The differences
in the flow areas was used to calculate a blockage as shown below:

K =

Aeff channel Aeff chan

f).AjA *mix
= 1------

Aeff chanjA*

Aeff chan

where f).AjA*)mix = AjA*)non-axi - AjA*)axi,

AIA*non-axi = 112 (AIA*)Mx + AIA*)My) at mid shock location

px + Py
AIA*axi corresponds to p/P)axi =

Px + Py

The f).AjA* value was also distributed triangularly with the peak at the shock
center and zero at the shock ends (see previous figure).

Since the blockages due to the boundary layer and nonaxisymmetric flow were
calculated similarly by reducing the channel effective area, they were combined
into one blockage tenn. At any axial location, the blade effective channel area
will be reduced by the total f).A shown in the previous figure.

Aflow Aeff chan - f).Amix - f).AB.L.
K3 =---- = ---------.:....:.;::.;.

Aeff channel

f).AIA*mix + f).AjA*B. L.
= 1 - ---------

Aeff chanlA*
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4. Total Blockage

The product of the three major blockage terms described previously determines a total
blockage as shown below:

Ktotal = Kl x K2 x K3

Aflow Aeff annulus Aeff channel Aflow
= x x

Aannulus Aannulus Aeff annulus Aeff channel
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APPENDIX H

MANUFACTURING COORDINATES FOR
SECTIONS NORMAL TO THE STACKING LINE
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The tabulations on the following pages present manufacturing coordinates for both the rotor
and stator at several sections, as defined by the radius dimension, in both English and SI
units. The sketch below defines the airfoil coordinate system corresponding to the tabula­
tions.

AIRFOIL SECTION ON PLANE

NORMAL TO Rt\DIAL STACKING LINE

t------ ZCCg-------o~ AXIAL DIRECTION

f---------------C--------~----__l
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Rotor, Section I

METERS INCHES

Ie yp YS IC yp YS

0.0 0.0 0.0 0.0 0.0 0.0
0.0004 0.0008 0.0160 0.0320
0.0006 -0.0005 0.0230 -0.0200
0.0022 -0.0004 0.0014 0.0861 -0.0150 0.0540
0.0044 -0.0001 0.0021 0.1722 -0.0050 0.0840
0.0087 0.0005 0.0037 0.3444 0.0180 0.1440
0.0131 0.0011 0.0051 0.5166 0.0420 0.2020
0.0175 0.0016 0.0067 0.6888 0.0620 0.2620
0.0262 0.0029 0.0098 1.0332 0.1140 0.3840
0.0350 0.0049 0.0133 1.3776 0.1920 0.5220
0.0437 0.0065 0.0163 1.7220 0.c.2560 0.6400
0.0525 0.0077 0.0187 2.0664 0.3040 0.7380
0.0700 0.0092 0.0217 2.7552 0.3610 0.8550
0.0875 0.0096 0.0228 3..4440 0.3760 0.8960
0.1050 0.0090 0.0222 4.1328 0.3530 0.8740
0.1225 0.0071 0.0201 4.8216 0.2800 0.7910
0.1400 0.0040 0.0168 5.5104 0.1590 0.6620
0.1575 -0.0000 0.0121 6.1992 -0.0010 0.4770
0.1745 -0.0040 6.8690 -0.1590
0.1750 0.0 0.0 6.8880 0.0 0.0
0.1755 0.0044 6.9090 0.1720

RADIUS (METERS) I:: 0.2144 RADIUS fIN:HESJ a 8.4400
CHORD (MeTERS J = 0.1551 Cfo()RD (INCHES J = 6.1064
ICSl (METERS J c 0.0890 ZCSl (I t-CHES) = 3.5037
YCSl 'METERS) lit 0.0124 YCSL (INCHES) c 0.4868
RlE (METERS) -0.000660 RlE ( INCHESJ - 0.0260
RTE (METERS) -0.0 RTE r INCHES' c 0.0
X-AREAfSO.METERS)cO.O X-AREA fSO. IN.) : 0.0
GAMMA-CHORD' DEG. J- 39.62 GAMMA-(HORDfRAD. J- 0.6915

This section is partially buried in the blade root attachment.
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Rotor, Section 2

METERS INCtES

Ie VI> VS ze 'VP ~

0.0 0.0 0.0 0.0 0.0 0.0
0.0004 0.0007 0.0160 0.0280
0.0007 -0.0005 0.0260 -0.0190
0.0022 -0.0003 0.0012 0.0852 -0.0120 O.Ott90
0.0043 -0.0002 0.0018 0.1704· -0.0060 0.0720
0.0087 0.0003 0.0030 0.3408 0.0100 0.1200
0.0130 0.0007 0.0042 0.5112~ 0.(260 0.1670
0.0173 0.0011 0.0055 0.6816 o. Ott2 0 0.2180
0.0260 0.0021 0.0082 1.022~, 0.0830 0.3220
0.0346 0.0033 0.0109 1.3632' 0.1290 0.4300
0.0433 0.0046 0.0137 1.7040 0.1820 0.5380
0.0519 0.0061 0.0164 2.0448 0.2400 0.6460
0.0693 0.0092 0.0216 2.7264 0.3620 0.8500
0.0866 0.0111 0.0244 3.408(. 0.4360 0.9600
0.1039 0.0114 0.0243 4.089~, 0.4470 0.9580
0.1212 0.0100 0.0225 4.7712 0.3920 0.8870
0.1385 0.0069 0.0185 5.4528 0.2710 0.7280
0.1558 0.0019 0.0120 6.1344 0.0740 0.4740
0.1727 -0.0028 6.800Cl -0.1100
0.1731 0.0 0.0 6.8160 0.0 0.0
0.1734 0.0028 6.828(_ 0.1100

RADIUS (METERS) = 0.2296 RADIUS ( IN:HES' t 9.0400
CHORD (METERS) :; 0.1656 CHORD (INCHES) = 6.5177
ZCSl (METERS) = 0.0910 ZCSl fItCHES' = 3.5842
veSl f METERS) t 0.0118 veSl ( INCHES' = 0.4665
RlE f METERS) =0.000635 RlE fINCHES) = 0.0250
RTE (METERS J =0.0 RT£ ( INCHES) • 0.0
X-AREAfSO.METERS'=O.O X-AREA (SO. IN.' t 0.0
GAMMA-CHORD' DEG.)t 41.78 GAMMA--tHORDfRAD.)= 0.7292

This section is partially buried in the blade root attachment.

144



Rotor, Section 3

METERS INCHES

lC yp YS IC yp YS

0.0 0.0 0.0 0.0 0.0 0.0
0.0005 0.0007 0.0180 0.0280
0.0006 -0.0005 0.0240 -0.0200
0.0022 -0.0004 0.0012 0.0848 -0.0140 0.0It60
0.0043 -0.0002 0.0017 0.1696 -0.0060 0.0660
0.0086 0.0003 0.0027 0.3392 0.0100 0.1070
0.0129 0.0007 0.0038 0.5088 0.0260 0.1490
0.0172 0.0010 0.0049 0.6784 0.0400 0.1930
0.0258 0.0016 0.0070 1.0176 0.0640 0.2740
0.0345 0.0022 0.0090 1.3568 0.0880 0.3560
0.0431 0.0030 0.0112 1.6960 0.1180 0.4400
0.0517 0.0039 0.0133 2.0352 0.1520 0.5230
0.0689 0.0061 0.0177 2.7136 0.2390 0.6980
0.0862 0.0082 0.0212 3.3920 0.3240 0.8340
0.1034 0.0096 0.0225 4.0704 0.3760 0.8860
0.1206 0.0096 0.0215 4.7488 0.3760 0.8480
0.13'79 0.0075 0.0181 5.4272 0.2950 0.7120
0.1551 0.0037 0.0113 6.1056 0.1460 0.4460
0.1721 -0.0014 6.7750 -0.0560
0.1723 0.0 0.0 6.7840 0.0 0.0
0.1726 0.0015 6.7950 0.0590

RADIUS (METERS) :: 0.2446 RADIUS fINCHES) :: 9.6300
CHORD (METERS J :: 0.1722 Ct«)RD (INCHES' :: 6.7807
leSl (METERS) = 0.0935 lCSl «INCHES) = 3.6805
VeSL (METERS) :: 0.0106 VCSl fINCHES J :: 0.4192
RLE fMETERS) =0.000610 RLE ( INCHES' = 0.0240
RTE (METERS) =0.0 RTE (INCHES) = 0.0
X-AREAfSQ.METERS)=O.O X-AREA fSQ. tN.) :: 0.0
GAMMA-CHORDfDEG.)= 46.84 GAMMA-cHORDfRAD. ):: 0.8174

This section is partially buried in the blade root attachment.
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Rotor, Section 4

METERS INCHES

ZC Y'P YS ZC yp YS

0.0 -0.0006 0.0006 0.0 -0.0237 0.0237
0.0006 -0.0005 0.0007 0.0249 -0.0217 0.0293
0.0055 -0.0001 0.0018 0.21"3~ -0.005'" 0.0723
0.0110 0.0003 0.0030 ().434~, 0.0119 0.ll98
0.0166 0.0007 0.0042 0.6518 0.0279 0.1660
0.0221 0.0011 0.0053 0.869J. 0.0425 0.2104
O.02lf1, 0.0011t- 0.006'" 1.0864- 0.0556 0.2533
0.0331 0.0017 0.0075 1.3037 0.~79 0.2957
0.0316 0.0020 0.0086 1.5209 0.0796 0.3391
0.0442 0.0023 0.0097 1.7382 0.0913 0.3836
0.0491 0.0026 0.0109 1.9555 0.1033 0.4287
0.0552 0.0030 0.0120 2.1728 0.1164 0.4743
0.0607 0.0033 0.0132 2.390(~ 0.1305 0.5203
0.0662 0.0037 0.01•• 2.6073 0.1465 0.5663
0.0.,17 0.0G42 0.0155 2.8246 0.1641 0.6115
0.0773 0.0046 0.0166 3.0419 0.1815 0.6545
O.08ze 0.005D 0.0175 3.2592 0.1967 0.6884
0.0813 0.00'3 0.0182 3.4764 0.2101 O. '7147I.". 0.0056 0.0187 3.6937 0.2209 0.7351
0.0993 0.0058 0.0189 3.9110 0.2294 0.1Ift38
0.1049 0.0060 0.0190 4.1283 0.2347 0.7470
0.1104 0.0060 0.0188 4.3455 0.n77 0.7410
0.1159 0.0060 0.0185 "'.5628 0.2358 0.7270
0.1214 0.0059 0.0179 4.7801 0.2321 0.1056
0.1269 0.0057 0.0171 4.9974 0.2259 0.6732
0.1325 0.0055 0.0160 5.2147 0.2160 0.6318
0.1310 0.0051 0.0148 5.4319 0.2024 0.-!I310
0.1435 0.0046 0.0133 5.6492 0.1826 0.5223
0.14. 0.0040 0.0115 5.8665 0.15'. 0.4539
0·.1545 0.0033 0.0095 6.0838 0.1282 0.31'41
0.1600 0.0022 0.0071 6.3011 0.0885 0.2787
0.1656 0.0011 0.0042 6.5183 0.0415 0.1665
0.1705 -0.0003 0.0012 6.7134 -0.0128 0.ow.6
0.1711 -0.0005 0.0008 6.7356 -0.0190 0.0330

RADIUS (METERS) • 0.2598 RADIUS CINCHES) =10.2300
CHORD (METEItSJ • 0.1711 CHORD ( IICHES) & 6.7356
lCSL (METERS) - 0.O~6 lCSL CItCHESl = 3.7244
"CSL (METERS) - 0.0084 YCSL CItCHES. - 0.3320
RLE (METERS I -0.000638 RLE fINCHES) • 0.0251
RTE (METERS) -0.000683 R1'£ (INCHES. II: 0.0269
X-AREAISQ.MElERSJ-O.oDl4S6 X-ARE,l (SQ. IN.) - 2.2575
GAMMA-tHOROfOEG.I. 51.87 GAMMA·-CHOROfRAD.)& 0.9052
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Rotor, Section 5

METERS INCtES

lC yp YS Zt lP ~

0.0 -0.0006 0.0006 0.0 -o.OZ23 0.0223
0.0006 -0.0005 0.0007 0.0234 -0.0209 0.0267
0.0055 -().0002 0.0016 0.2163 -0.0090 0.0629
0.0110 0.0001 0.0026 0.4326 0.0029 0.1025
0.0165 0.0003 0.0036 0.61f.89 0.0133 0.1402
0.0220 0.0006 0.0045 0.8652 0.0224 0.1757
0.0275 0.0008 0.0053 1.0815 0.0302 0.2094
0.03. 0.0009 0.0062 1.2978 0.0370 0.a24
0.0385 0.0011 0.0070 1.5141 0.0436 0.%174
O.MItO 0.0013 0.0080 1.7303 o.osoa 0.3149
0.0494- 0.0015 0.0090 1.9466 0.0586 0.3537
0.0549 0.0017 0.0100 2.1629 0.0671 0.3931
0.0604 0.0019 0.0110 2.3792 0.0164 0.4334
0.0659 0.0022 0.0120 2.5955 0.0865 0.4741
0.0714 0.0025 0.0131 2.8111 0.0969 0.5144
0.0769 0.0027 0.0141 3.0281 0.1064 0.5533
0.0824 0.0029 0.0150 3.2444 0.1138 0.5898
0.0819 0.0030 0.0156 3.4607 0.1195 0.6160
0.0934 0.0031 0.0160 3.6770 0.1229 0.6310
0.0989 0.0032 0.0161 3.8en3 0.1246 0.6340
0.1044 0.0032 0.0161 4.1096 0.1252 0.6330
0.1099 0.0032 0.0160 4.3259 0.1252 0.6301
0.1154 0.0031 0.0155 4.5422 0.1235 0.6109
0.1209 0.0031 0.0148 4.7585 0.1206 0.5834
0.1264- 0.0029 0.0140 4.9748 0.1157 0.5524
0.1319 0.0028 0.0131 5.1910 0.1090 O.SITO
0.1373 0.0025 0.0121 5.4073 0.1000 0.4768
0.1428 0.0023 0.0109 5.6236 0.0888 0.4282
0.1483 0.0019 0.0094 5.8399 0.af40 0.3707
0.1538 0.0014 0.007'1 6.0562 0.0566 0.3018
0.1593 0.0009 0.0056 6.2725 0.0353 0.2213
0.1648 0.0003 0.0033 6.4818 0.0113 0.1289
0.1698 -0.0003 0.0009 6.6847 -0.0127 0.0356
0.1703 -0.0004 o.ooorr 6.7051 -0.0152 0.0259

RADIUS 'METERS ) -= 0.2751 RADIUS • ItCHES) -10.8300
CHORD (METERS) c 0.1103 CHORD • INCHES) _ 6 • ..,051
ZCSl (METERS» -= 0.0945 zeSl (INCHES) • 3.7198
veSl 'METERS' - 0.0062 veSL «ItCHES) - 0.2445
RLE (METERS) =0.000597 RLE (INCHES) _ 0.0235
RTE 'METERS t -0.000579 RTE (INCHES) = 0.0228
X-AREA'SQ.MEtERS)-0.001397 X-AREA ISQ. IN.) _ 2.1657
GAMMA-04CROfOEG.). 54.05 GAMMA-tHORDfRAD. J-= 0.9433
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Rotor, Section 6

METERS INCHES

IC yp VS IC VI> 'IS

0.0 -0.0006 0.0004 0.0 -0.0251 0.0170
0.0006 -0.0006 0.0005 0.0221 -0.0241 0.0206
0.0055 -0.0004 0.0013 0.216J. -0.0158 0.0518
0.0110 -0.0002 0.0022 0.4323 -0.0060 0.0864
0.0165 OOסס.0 0.0031 0.648~~ 0.0019 0.1205
0.0220 0.0003 0.0039 0.8646 0.0125 0.1S43
0.0275 0.0005 0.0046 1.0807 0.0189 0.1822
0.0329 0.0004 0.0053 1.2969 0.0174 0.2093
0.0384 0.0006 0.0062 1.5130 0.0236 0.2431
0.0439 0.0006 0.0071 1.7292: 0.0237 0.Z'n7
0.0494 0.0007 0.0078 1.94531 0.0268 0.3072
0.0549 0.0008 0.0087 2.1615, 0.0318 0.3410
0.0604 0.0008 0.0096 2.377il. 0.0315 0.3769
0.0659 0.000' 0.0105 2.5938 0.ca21 0.4121
0.0714 0.0008 0.0113 2.8096 0.0332 0.4465
0.0769 0.0009 0.0120 3.0261 0.0338 0.4742
0.0824 0.0010 0.0127 3.2422: 0.0379 0.4988
0.08. 0.0011 0.0132 3.4584 0.Oft.33 0.5194
0.0933 0.0012 0.0137 3.6745 0.0475 0.5382
0.0988 0.0013 0.0141 3.8906 0.0519 0.51534
0.104' 0.0014 0.0142 4.1068 0.0533 0.5604-
0.10. 0.0014 0.0141 4.3229 0.0561 0.5557
0.1153 0.0014 0.0136 4.5391 0.0543 0.5335
0.1208 0.0013 0.0128 4.7552. 0.0527 0.5042
0.1263 0.0012 0.0118 4.9714 0.Ott59 0.4663
0.1318 0.0009 0.0109 5.1875 0.0370 0.4276
0.1313 0.0007 0.0098 5.4037 0.0292 0.3849
0.1427 0.0005 0.0087 5.6198 0.OZ02 0.3417
0.1482 0.0004 0.0074- 5.8360 0.0143 0.2915
0.1537 0.0002 0.0060 6.0521, 0.0061 0.2364
0.1592 -0.0001 0.0045 6.2683 -0.0037 0.1761
0.1647 -0.0003 0.0026 6.4844 -0.0102 0.1039
0.1697 -0.0004 0.0006 6.6808 -0.0176 0.0238
0.1702 -0.0005 0.0004 6.7006 -0.0184 0.0157

RADIUS (METERS I - 0.2878 RADIUS fINCHES) -11.3300
CHORD (METE~) - 0.1102 eHORD CINCHES) - 6.7006
zeSL (METERS I - 0.0946 leSL CItCHES). - 3.7237
~SL (tETERS' & 0.0042 yeSl fINCHES) • 0.1638
RLE (METERS) -0.000564 RlE (INCHES) c 0.0222
RTE ,MeTERS) cO.000505 RTE CINCHES' • 0.0199
X-AREA (SQ.METERS)IIO .001348 X-AREA ISO. IN.' • 2.0887
GAMMA-cHORDfDEG.'. 56.89 GAMMA-CHORDfRAD.)c 0.9929
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Rotor, Section 7

METERS tNCfES

Zt vp VS zt yp VS

0.0 -0.0006 0.0005 0.0 -0.0231 0.0196
0.0006 -0.0006 0.0005 0.0221 -0.0230 0.0214
0.0055 -0.0006 0.0009 0.2163 -0.0225 '0.0370
0.0110 -0.0006 0.0014 0.4325 -o.on6 0.0561
0.0165 -0.0007 0.0020 0.6488 -0.0263 0.0776
0.0220 -0.0007 0.0024 0.8651 -0.0279 0.0947
0.0275 -0.0008 0.0028 1.0113 -0.0311 0.1120
0.0330 -0.0009 0.0034 1.2976 -0.0337 0.1340
0.0385 -0.0010 0.0040 1.5139 -0.0381 0.1580
0.0439 -0.0011 0.00lt6 1.1301 -0.0440 0.1826
0.0494 -0.0012 0.0053 1.9464 -o.Ott68 0.2104
0.0549 -0.0014 0.0060 2.1627 -0.0556 0.2353
0.0604 -0.0016 0.0066 2.3190 -0.0637 0.2590
0.0659 -0.0018 0.0072 2.5952 -0.0728 0.282'
0.0714 -0.0021 0.0018 2.1115 -0.0818 0.3062
0.0769 -0.0023 0.0084 3.0278 -0.0921 0.3291
0.0824 -0.0025 0.0089 3.2440 -0.0981 0.!I520
0.0879 -0.0025 0.0094 3.4603 -0.0992 0.3701
••0934 -0.0024 0.0098 3.6765 -0.0950 0.3864
0.0989 -0.0023 0.0102 3.8928 -0.0902 0.3996
0.1044 -0.0021 0.0103 4.1091 -0.0830 0.1t072
0.1099 -0.0020 0.0104 4.3254 -0.0778 0.4075
0.1154 -0.0019 0.0101 4.5416 -0.0753 0.3983
0.1209 -0.0017 0.0096 4.7579 -0.0682 0.3789
0.1263 -0.0016 0.0090 4.9742 -0.0631 0.3536
0.1311 -0.0015 0.0082 5.1904 -0.8583 0.3228
0.1373 -0.0013 0.0074 5.4067 -0.0510 0.2900
0.1428 -0.0012 0.0063 5.6230 -0.0465 0.2497
0.1483 -0.0010 0.0052 5.8392 -0.0319 0.2065
0.1538 -0.0009 0.0042 6.0555 -0.0339 0.1648
0.1593 -0.0007 0.0029 6.2718 -0.0210 0.1159
0.1648 -0.0006 0.0018 6.4880 -0.0252 0.0721
0.1697 -0.0006 0.0007 6.6796 -0.0237 0.0265
0.1703 -0.0006 0.0005 6.7043 -0.0235 0.0206

RADIUS CMETERSJ - 0.3056 RADIUS (I~HESJ -12.0300
CH~D I METERS. - 0.1103 tHORO (INCHES) - 6.7043
zeSl (METERS) - 0.0950 ZCSl CINCHES) - 3.7406
VCSL (METERS) - 0.0011 veSl CINCHES) - 0.0452
RlE 'METERS) -0.000561 RLE CINCHES) - 0.0221
RTE (METERS) -0.000627 RTE I INCHES' &: 0.0247
X-AREAfSQ.METERS'cO.OO1277 X-AREA .SQ. IN.) - 1.9796
GAMMA-CHOROfDEG.)c 60.88 GAMMA-CHOROfRAD••- 1.0625
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Rotor, Section 8

METERS tNCtES

Ie yp YS IC yp vs

0.0 -0.0005 0.0005 0.0 -0.0190 0.0189
0.0005 -0.0005 0.0005 0.019"' -0.0194 0.0201
0.0056 -0.0006 0.0008 0.2191 -0.0228 0.0326
0.0111 -0.0007 0.001'2 0.4382 -0.0276 0.Ott54
0.0167 -0.0009 0.0014 0.6573 -0.0346 0.0570
0.0223 -0.0011 0.0017 0.8764 -o.Qte.J7 0.0664
0.0278 -0.0014 0.0019 1.0955 -0.0544 0.0745
0.0334 -0.0017 0.0021 1.3146 -0.0666 0.0815
0.0390 -0.0020 0.0022 1.533" -o.Gl03 0.0884
0.Ott45 -0.0024 0.0024 1.7528 -0.0957 0.0964
0.0501 -0.0029 0.0028 1.9719 -0.1125 0.1119
0.0557 -0.0033 0.0033 2.1910 -0.1306 0.1293
0.0612 -0.0038 0.0038 2.4101 -0.1497 0.1479
0.0668 -0.0043 0.0042 2.6292 -0.1692 0.1665
0.0723 -0.0047 0.0047 2.8483 -0.1870 0.1847
0.0719 -0.0051 0.0051 3.0674 -0.1996 0.2026
0.0835 -0.0052 0.0056 3.2865 -0.2058 0.2202
0.0890 -0.0053 0.0060 3.5056 -0.2071 0.2373
0.0946 -0.0052 0.0064 3.7247 -0.2030 0.2532
0.1002 -0.0050 0.0068 3.9438 -0.1956 0.21675
0.1057 -0.0047 0.00.,1 It .1629 -0 ...1860 0.2785
0.1113 -0.0045 0.00.,2 4.3820 -0.1754 0.2854
0.1169 -0.0042 0.0073 4.6011 -0.1645 0.2855
0.1224 -0.0039 0.0071 It .8202 -0.1538 0.2792
0.1280 -0.0036 0.0068 5.0393 -0.1429 0.2690
0.1336 -0.0033 0.0065 5.2584 -0.1315 0.2555
0.1391 -0.0030 0.0060 5.4775 -0.1195 0.2316
0.1447 -0.0027 0.0054 5.6966 -0.1058 0.2109
0.1503 -0.0023 0.0045 5.9157 -0.0896 0.176'7
0.1558 -0.0018 0.0035 6.1348 -0.070'7 0.1374
0.1614 -0.0012 0.0024 6.3539 -o.~74 0.0960
0.1670 -0.0008 0.0014 6.5730 -0.0300 0.OS34
0.17M -0.0004 0.0006 6.'7095 -0.0170 0.0240
0.1709 -0.0004 0.0005 6.'7300 -0.0150 0.0210

RADIUS "'ETERS) II: 0.3233 RADIUS CINCHES) a 12.7300
CHORD (METERS) III 0.1109 CHORD fINCHES) a 6.7300
leSL (METERS) II: 0.0969 ICSl fIt£HESJ II: 3.8137
YCSl (METERS) - -0.0012 VCSl CINCHES) =-0.0489
RlE 'METERS) -O.OOOSOO RLE fINCHES) • 0.0197
RTE UIETERSI -0.000521 RTf (INCHES) a 0.0205
X-AREAISQ.METERS'1I:0.OOI224 X-.REA (SQ. IN.) a 1.8978
GAMMA-CHORD( OEG. J. 64.25 GAMMA--cfoOROfRAD. I. 1.1213
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Rotor, Section 9

Ie
METERS

yp YS

INCHES

Zt

0.0 -0.0004
0.0005 -0.0005
0.0056 -0.0005
0.0112 -0.0007
0.0168 -0.0009
0.0224 -0.0011
0.0280 -0.0014
0.0336 -0.0017
0.0391 -0.0020
0.0447 -0.0023
0.0503 -0.0027
0.0559 -0.0031
0.0615 -0.0035
0.0671 -0.C041
0.0727 -0.0046
0.0783 -0.0052
0.0839 -0.0056
0.0895 -0.0059
0.0951 -0.0060
0.1007 -0.0058
0.1062 -0.0056
0.1118 -0.0052
0.11"'" -0.0048
0.1230 -0.0045
0.1286 -e.1041
0.1342 -0.0036
0.1398 -0.0032
0.1454 -0.0029
0.1510 -0.0025
0.1566 -0.0020
0.1622 -0.0015
0.16'" -0.0010
0.1729 -0.0004
0.1733 -0.000'

0.0005
0.0005
0.0007
0.0010
0.0013
0.0015
0.0017
0.0019
0.0020
0.0023
0.0025
0.0029
0.0033
0.0037
0.0041
0.0045
0.0049
0.0052
0.0054
0.0056
0.0058
0.0059
0.0059
0.0060
0.0060
0.0059
0.0057
0-0053
0.0046
0.0037
0.0028
0.0016
0.0006
0.0005

0.0 -0.0174
0.0189 -0.0177
0.2201 -0.0211
0.4403 -0.0269
0.6604 -0.0347
0.8806 -0.0438
1.1007 -0.0539
1 .3209 -0.0652
1.5410 -0.0777
1.7612 -0.0912
1.9813 -0.1046
2.2015 -0.1202
2.4216 -0.1396
2.6418 -0.1599
2.8619 -0.1801
3.0821 -0.2031
3.3022 -o.2Z12
3.5224 -0.2341
3.7425 -0.2364
3.9627 -0.2302
4.1828 -0.2199
4.4030 -0.2051
4.6231 -0.1904
4.8433 -0.1770
5.0634 -0.1600
5.2836 -0.1421
5.5037 -0.1269
5.7239 -0.1134
5.9440 -0.0979
6.1642 -0.0781
6.3843 -0.0608
6.6045 -0.0396
6.8061 -0.0158
6.8246 -0.0136

0.0194
0.0202
0.0286
0.~6

0.Ott99
0.OS88
0.0670
0.0737
0.0791
0.0889
0.0999
0.1128
0.1289
0.1475
0.1624
0.1772
0.1919
0.2044
0.2115
0.2186
0.2264
0.2304
0.2321
0.2'353
0.2379
0.2339
0.2257
0.2094
0.1803
0.1467
0.1092
0.0638
0.0223
0.0185

RADIUS UIETERS) • 0.3360 RADIUS CltCHES) -13.2300
~D (METEItS) • 0.ln3 CHeRD «UCHESJ c 6.8246
ZCSL CMETERS) c 0.0987 ICSL CINCHES) • 3.8846
YeSL (METERS) c -0.0018 YCSL CINCHES) --0.0702
IItLE 'METERS) -0.000480 RLE «INCHES) I: 0.0189
RTf (METERS) 1:0.000478 ~TE CINCHES) c 0.0188
X-AaEAfSQ.MElIRS)-O.OOlI78 X-AREA 'SQ. IN.' c 1.8256
"MMA-OtORDI DEG.)I: 65.64 GA"MA-CHORDfRAD. Ie 1.1456
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Rotor, Section 10

METERS JNtteS

Ie yp YS Ie VP 'IS

0.0 -0.0107 0.0001 0.0 -0.0288 0.0046
0.0004 -0.0007 0.0001 0.0173 -0.0292 0.0053
0.0057 -0.0009 0.0003 0.2235 -0.0344 0.0137
0.0114 -0.0011 0.0005 0.4409 -o.()4.22 0.0207
0.0110 -0.0013 0.0007 0.6704 -0.0517 0.0262
0.0227 -0.0016 0.0008 0.8939' -0.0624 0.0303
0.0284 -0.0019 0.0008 1.1174 -0.0743 0.0333
0.0341 -0.0022 0.0009 1.3408 -0.0872 0.0361
0.03.? -0.0026 0.0010 1.5643 -0.1017 0.CB94
0.0454 -0.0030 0.0011 1.7878, -0.1180 0.CM48
0.0511 -0.0034 0.0014 2.0112 -0.1358 0.0546
0.0568 -0.0039 0.0018 2.2341' -0.1550 0.0698
0.0624 -0.0045 0.0022 2.4582 -0.1756 0.0856
0.0681 -0.0050 0.0026 2.681'7' -0.1974 0.1014
0.0738 -0.0056 0.0029 2.9051 -0.2204 0.1154
0.0795 -0.0062 0.0033 3.1286 -0.2445 0.1283
0.0851 -0.0068 0.0036 3.3521 -0.2679 0.1403
0.0908 -0.0073 0.0038 3.5755, -0.2860 0.1503
0.0965 -0.0071 0.0040 3.7990 -0.2948 0.1591
0.1022 -0.0072 0.0042 4.0225~ -0.2824 0.1666
0.1078 -0.0068 0.0044- 4.2460 -0.2660 0.1727
0.1135 -0.0063 0.0045 4.4694 -0.2475 0.1769
0.1192 -0.0058 0.0046 4.6929 -0.2276 0.1798
0.1249 -0.0053 0.0046 4.9164 -0.2075 0.1814
0.1106 -0.0048 0.0046 5.1398 -0.1873 0.1814
0.1362 -0.0042 0.0045 5.3633 -0.1669 0.ln9
0.1419 -0.0037 0.0043 5.5868 -0.1464 0.1702
0.1476 -0.0032 0.0040 5.8103 -0.1257 0.lS86
0.15" -0.0027 0.0037 6.0337 -0.1043 0.1444
0.1589 -0.0021 0.0031 6.2572 -0.0825 0.1233
0.1646 -0.0015 0.0024 6.4807 -o.OS96 0.0925
0.lT03 -0.0010 0.0014 6.7041. -o.C8T9 0.G565
0.1755 -0.0005 0.0005 6.9084 -0.0184 0.0204
0.1.,60 -0.0004 0.0004 6.9276 -0.0165 O.Oln

RADIUS fJIIETERS) = 0.3500 RADIUS fINCHES) -13.7800
CHORD fMETEItS) a- 0.1.0 CHORD t I'CHESJ & 6.9276
ztSL (MEnU' c 0.1006 zeSL CINCHES) & 3.9624
YCSL fJIIETERS' a ~.OOZ4 YCSL fINCHES' "'-0.0930
RLE (METERS) -0.000439 RLE fINCHES' • 0.0173
RTE (METERS) -0.000488 RTE fINCHES) • 0.0192
X-AR EA «SQ.METERS '-0 .001149 X-AREA (SQ. IN.) a- 1.7805
GAMMA-eHOROfOEG.'. 66.37 GAMMA--cHOROfRAO.)& 1.1584
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Rotor, Section 11

METERS INCHES

le yp YS le VP YS

0.0 -0.0008 0.0000 0.0 -0.0307 0.0010
0.0004 -0.0008 0.0000 0.0163 -0.0309 0.0016
0.0058 -0.0009 0.0003 0.2280 -0.0347 0.0106
0.0116 -0.0011 0.0005 0.4560 -0.0414 0.0178
0.0174 -0.0013 0.0006 0.6840 -0.0507 0.0229
0.0232 -0.0015 0.0007 0.9120 -0.0606 0.0258
0.0290 -0.0018 0.0007 1.1400 -0.0709 0.0265
0.0347 -0.0021 0.0007 1.3680 -0.0828 0.0266
0.0405 -0.0025 0.0007 1.5960 -0.0970 0.0277
0.0463 -0.0029 0.0008 1 .8239 -0.1139 0.0312
0.0521 -0.0034 0.0010 2.0520 -0.1329 0.0392
0.0579 -0.0039 0.0014 2.2199 -0.1538 0.0537
0.0637 -0.0045 0.0018 2.5079 -0.1768 0.0696
0.0695 -0.0051 0.0022 2.7359 -0.2007 0.as64
0.0753 -0.0057 0.0026 2.9639 -0.2250 0.1011
0.0811 -0.0063 0.0029 3.1919 -0.2494 0.1144
0.0869 -0.0069 0.0032 3.4199 -0.2731 0.1263
0.0927 -0.0074 0.0034 3.6479 -0.2928 0.1351
0.0984 -0.0077 0.0036 3.8759 -0.3048 0.1424
0.1042 -0.0075 0.0038 4.1039 -0.2947 0.1481
0.1100 -0.0071 0.0039 4.3319 -0.2"'190 0.1525
0.1158 -0.0066 0.0039 4.5599 -0.2599 0.1552
0.1216 -0.0061 0.0040 4.7879 -0.2389 0.1565
0.1274 -0.0055 0.0040 5.0159 -0.2177 0.1566
0.1332 -0.0050 0.0039 5.2439 -0.1962 0.1552
0.1390 -0.0044 0.0039 5.4719 -0.1745 0.1522
0.1448 -0.0039 0.003'7 5.6999 -0.1526 0.1445
0.1506 -0.0033 0.0034 5.9278 -0.1305 0.1337
0.1564 -0.0027 0.0031 6.1558 -0.1079 0.1205
0.1621 -0.0022 0.0026 6.3838 -0.0851 0.1038
0.1619 -0.0016 0.0020 6.6111 -0.0615 0.0802
0.1757 -0.0010 0.0013 6.839. -0.0386 0.0505
0.1.,90 -0.0005 0.0005 7.0487 -0.0184 0.0202
0.1795 -0.0004 0.0004 7.0678 -0.0165 0.0174

bOlUS '''!TERSJ c 0.3627 RADIUS ( nCHES. =14.2800
OfOR0 (METERS » • 0.1795 CHORD CINCHES) - 7.0678
lCSL .METERS) - 0.1030 ICSL CINCHES) - 4.0544
YeSL .MYERS) • -0.0027 YCSL (INCHES) --0.1080
rtLE CH£TEItS ) -0.000414 RLE • INCHES) - 0.0163
RTE 'METERS) -0.000485 RTE (IHeHE $) = 0.0191
X-AAEAfSQ.METERS)cO.001119 X-AREA ISQ. IN.) • 1.7344
GA""A-CHOROCDEG.Jc 67.03 GAMMA-GHOROfRAD. )e 1.1700
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Rotor, Section 12

ze
NETIIS

yp YS IC

INCfES

yp

0.0 -0.1101 -O.aoo 1
O.~ -0.000. -0.0001
0.0059 -0.0001 0.0002
0.0119 -0.0010 0.0004
0.0178 -0.0012 0.0005
0.02. -0.0015 0.0006
0.0297 -0.0017 0.0006
0.0357 -0.0020 0.0005
0.Ott16 -0.0023 0.000 5
0.0415 -0.0027 0.0006
0.0535 -0.0032 0.0008
0.1594 -D.1017 0.0012
0.0654 -0.0043 0.0016
0.0713 -0.0049 0.0021
0.0772 -0.0054 0.0026
0.0832 -0.0060 0.0029
0.0191 -0.0066 0.0033
0.0951 -0.0071 0.003'
0.1010 -0.0074 0.0037
0.1010 -0.0072 0.0039
0.1129 -0.00" 0.0040
0.1188 -0.0063 0.0041
0.1248 -0.0057 0.0041
0.1307 -0.0051 0.0041
0.lS67 -0.0045 0.0040
0.1426 -0.0039 0.0040
0.1485 -0.0033 0.0038
0.1545 -0.0028 0.0035
0.16~ -0.0022 0.0031
0.1664 -0.0017 0.00216
0.1?23 -0.0012 0.0020
0.1783 -0.0008 0.0013
0.1838 -0.0004 0.0005
0.1842 -0.0004 G.OOO4

0.0 -o.C824 -0.0036
0.0141 -o.~24 -0.0028
0.2339 -o.OJ27 0.0090
0.46"9 -0.0384 0.0166
0.701' -o.~73 0.0213
0.9557 -0.0571 0.0229
1.1697 -0.0675 0.0224
1.4036 -0.0187 0.0214
1.63'rS -0.0920 0.0216
1.1'115 -0.1076 0.0248
a.1054 -0.1258 0.OJ27
2.3393 -0.1467 0.04-72
2.5733 -0.1690 0.0644
2.8072 -0.1916 0.0135
3.0411 -0.2144 0.1005
3.27'1 -0.2373 0.1158
3.5090 -0.2599 0.1283
3.7429 -0.2794 0.1379
3.9769 -0.2916 0.1458
4.2108 -0.21'43 0.1523
4.4447 -0.2687 0.1568
1t.6..,.7 -0.2475 0.1597
4.9126 -0.2244 0.1611
5.1465 -0.2008 0.1610
5.3805 -0.1766 o. 1593
5.6144 -0.1533 0.lS59
5.8483 -0.1305 0.1495
6.0823 -0.1092 0.1389
6.3162 -G.0I.3 0.1234
6.5501 -0.0679 0.1032
6."1M-I -o.C)4.84 0.07'6
7.0180 -0.0302 0.0502
7.2346 -0.0160 0.0191
7.2519 -0.0148 0.0166

RADIUS (METERS • • O.3'J80 RADIUS IUCHES) c14.8800
01OR 0 'METERS. - 0.181t2 CHORD CINCHES» c 7.2519
ZCSL (METERS) • 0.1065 ZCSl CINCHES. • 4.1932
veSl ,METERS. - -0.0027 YCSl IBCHES' --0.1061
RlE (METERS) -0.000376 RlE CINCHES, c 0.0148
RTE IMETERS , -0.0001142 RlE fINCHES. c 0.0174
X-AREAfSO.METERS)-O.OOI098 X-.REA (SO. IN.' c 1.7018
GA...A-CHOROUJEG.)c 67.52 GAMMA-Gt«lRDIRAO. J. 1.1784
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Rotor, Section 13

METERS INetES

Ie YP YS Ie yp vs

0.0 -0.0009 -0.0002
0.0004 -0.0009 -0.0001
0.0062 -0.0007
0.0123 -0.0006
0.0185 -0.0007
0.0246 -0.0008
0.0308 -0.0009
0.0369 -0.0012
0.0431 -0.0015
0.0492 -0.0019
0.0554 -0.0024
0.0616 -0.0030
0.0677 -0.0036
0.0139 -0.0042
0.0800 -0.0048
0.0862 -0.0054
0.0923 -0.0061
0.0985 -0.0067
0.1046 -0.0071
0.1108 -0.0073
0.1110 -0.0072
0.1231 -0.0068
0.1293 -0.0063
0.1354 -0.0057
0.1416 -0.0052
0.1477 -0.0046
0.1539 -0.0040
0.1600 -0.0034
0.1662 -0.0028
0.1723 -0.0022
0.1785 -0.0016
0.1847 -0.0009
0.1904 -0.0004
0.1908 -0.0003

0.0003
0.0001
0.0010
0.0011
0.0012
0.0011
0.0011
0.0009
0.0009
0.0011
0.0015
0.0020
0.0023
0.0026
0.0029
0.0031
0.0032
0.0033
0.0034
0.0034
0.0034
0.0034
0.0033
0.0032
0.0031
0.0029
0.0026
0.0021
0.0016
0.0011
0.0004
0.0004

0.0 -0.0340 -0.0061
0.0143 -0.0336 -0.0050
0.2423 -0.0267 0.0131
0.4847 -0.0249 0.0277
0.1270 -0.0268 O.~88

0.9693 -0.0307 0.0450
1.2117 -0.0364 0.0461
1.4540 -o.~56 0.0452
1.6964 -0.0587 0.0415
1.9387 -0.0756 0.0371
2.1810 -0.0958 0.0344
2.4234 -0.1179 0.0438
2.6657 -0.1411 0.0582
2.9080 -0.1650 0.0768
3.1504 -0.1893 0.0916
3.3927 -0.2139 0.1042
3.6350 -0.2386 0.1137
3.8774 -0.2621 0.1209
4.1197 -0.2812 0.1266
4.3620 -0.2881 0.1308
4.6044 -0.2829 0.1334
4.8467 -0.2668 0.1346
5.0890 -0.2470 0.1348
5.3314 -0.2261 0.1337
5.5737 -0.2037 0.1314
5.8160 -0.1810 0.1271
6.0584 -0.1580 0.1214
6.3007 -0.1345 0.1132
6.5430 -0.1107 0.1013
6.7854 -0.0863 0.0846
7.0277 -0.0615 0.0635
7.2701 -0.0365 0.0414
7.4964 -0.0152 0.0170
1.5124 -0.0136 0.0153

RADIUS (MeTERS) = 0.3983
otORO fMETERS) • 0.1908
ZeSl (METERS). 0.1109
YCSl (METERS J = -o.OCBO
RLE (METERS» =0.000363
RTf fMETERS. =0.OOO~6

X-AREAfSQ.METERS)=0.OOI014
GAMMA-CHORDfDEG.)= 69.09

RADIUS fINCHES) =15.6800
CHORD (INCHES) c 7.5124
ICSL fINCHES) =4.3662
yeSL fINCHES) =t-o.1195
RlE fINCHES. == 0.0143
RTE (INCHES) = 0.0160
X-AREA ISQ. IN.) == 1.6645
GAMMA-CHORDfRAD.)= 1.2059
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Rotor, Section 14

METERS INCtES

Ie YS Zt vs

0.0 -0.0008 -0.0002
0.0003 -0.0008 -0.0002

RADIUS (METERS' -= 0.4 U 7
CHORD CMETERS) &: 0.1950
ZCSL (METERS. c 0.1135
YCSL (METERS.. -0.0029
RLE UtETERS J =0.000333
RTE (METERS) aO.OOO~3

X-AREAfSQ.MElERS)aQ.OOI065
GAMMA-OUltOf DEG. as 70.63

0.0063 -0.OOC7
0.0126 -0.0008
0.0189 -0.000'
0.0252 -0.0010
0.0315 -0.0011
0.0377 -0.0013
0.0440 -0.0016
0.0503 -0.0020
0.0566 -0.0024
0.0629 -0.0030
0.0692 -0.0036
0.0755 -0.0042
0.0818 -0.0048
0.0881 -0.0054
0.0944 -0.0060
0.1006 -0.0065
0.1069 -0.0069
0.1132 -0.0068
0.1195 -0.0064
0.1258 -0.0059
0.1321 -0.0055
0.1384 -0.0049
0.1447 -0.0044
0.1510 -0.0039
0.1573 -0.0034­
0.1636 -0.0029
0.1698 -0.0124
0.1761 -0.0019
0.1824 -0.0013
0.1887 -0.010I
0.1947 -0.0003
0.1950 -0.000)

0.0002
0.0005
0.0007
0.0008
0.0008
0.0008
0.0007
0.0007
0.0008
0.0010
0.0014
0.0018
0.0023
0.0027
0.0030
0.0032
0.003'"
0.0036
0.0030'
0.0037
0.0038
0.0038
0.0037
0.0036
0.0034
0.0032
0.0029
0.002,4
0.0018
0.0013
0.0004
0.0004

0.0 -0.0329 -0.0073
0.0131 -0.0327 -0.0064
0.2477 -0.0291 0.0083
0.4953 -0.0298 0.0198
0.7430 -0.0331 0.0270
0.9906 -0.0378 0.0307
1.2383 -0.0434 0.0320
1.4859 -0.0520 0.0306
1.7336 -0.0637 0.0283
1.9812 -0.0783 0.0287
2.2289 -0.0961 0.0323
2.4765 -0.1168 0.0394
2.7242 -0.1399 0.0555
2.9718 -0.1639 0.0725
3.2195 -0.1882 0.0900
3.4671 -0.2126 0.1051
3.7148 -0.2366 0.1186
3.9625 -0.25'72 0.1280
4.2101 -0.2712 0.1353
4.4578 -0.2668 0.1407
4.7054 -0.2525 0.1443
4.9531 -0.2340 0.1466
5.2007 -0.2149 0.1478
5.4484 -0.1946 0.1478
5.6960 -0.1742 0.1455
5.9437 -0.1539 0.1414
6.1913 -0.1336 0.1354
6.4390 -0. U33 0.1269
6.6866 -0.0932 0.1144
6.9343 -0.0730 0.0943
7.1819 -0.0529 0.0726
7.4296 -0.0317 0.0512
7.6639 -0.0113 0.0159
7.6772 -0.0101 0.0139

RADIUS «INCHES' a: 16.2100
CHORD «IN:HES'. 7.6772
ZtSl (INCHES). 4.4673
YCSL fINCHES) ~-o.1130

RlE fINCHES) = 0.0131
RTE CINCHES) I: 0.0135
X-AREA ISQ. IN.) • 1.6504
GAMMA-tHOROCRAO. II: 1.2327
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Rotor, Section 15

le
METERS

yp YS IC

INetES

VP

0.0 -0.0328 -0.0073
0.0131 -0.0326 -0.0064

0.0 -0.0001 -0.0002
0.0003 -0.0008 -0.0002
0.0064 -0.0007 0.0002
0.0128 -0.0007 0.0005
0.0192 -0.0008 0.0007
0.0257 -0.0009 0.0008
0.0321 -0.0011 0.0009
0.0385 -0.0012 0.0009
o. or.49 -0.0015 0.0008
0.0513 -0.0019 0.0007
0.0577 -0.0023 0.0009
0.0642 -0.0028 0.0011
0.0706 -0.0034 0.0014
0.0770 -0.0040 0.0018
0.0834 -0.0046 0.0023
0.0898 -0.0052 0.0026
0.0962 -0.0058 0.0030
0.1026 -0.0063 0.0033
0.1091 -0.0068 0.0036
O.lt 55 -0.0066 0-0037
0.1219 -0.0061 0.0038
0.1283 -0.0056 0.0038
0.1347 -0.0051 0.0038
0.1411 -0.0046 0.0038
0.1475 -0.0041 0.0037
0.1540 -0.0036 0.0036
0.1604 -0.0031 0.0034
0.1668 -0.0026 0.0032
0.1732 -0.0022 0.0028
0.1796 -0.0017 0.0023
0.1860 -0.0013 0.0018
0.1925 -0.0008 0.0013
0.1984 -0.0004 0.0007
0.1989 -0.0003 0.0006

0.2526 -0.0288
0.5051 -0.0288
0.7577 -0.0322
1.0103 -0.0362
1.2628 -0.0415
1.5154 -o.Ott92
1.7680 -0.0597
2.0205 -0.0737
2.2731 -0.0903
2.5256 -0.1097
2.7782 -0.1320
3.0308 -0.1560
3.2833 -0.1801
3.5359 -0.2043
3.7885 -0.2280
1t.0410 -0.2476
4.2936 -0.2678
4.5462 -0.2589
4.7987 -0.2386
5.0513 -0.2197
5.3038 -0.2011
5.5564 -0.1810
5.8090 -0.1611
6.0615 -0.1416
6.3141 -0.1224
6.5667 -0.1036
6.8192 -0.0852
7.0718 -0.0672
7.3244 -o.Ott97
7.5769 -0.0323
7.8100 -0.0143
7.8295 -0.0128

0.0085
0.0191
0.0270
0.0328
0.0349
0.0337
0.0311
0.0291
0.0341
0.Oft25
0.OS51
0.0713
0.0886
0.1041
0.1187
0.1309
0.1401
0.1471
0.1500
0.1514
0.1514
0.1499
0.1465
0.1416
0.1347
0.1248
0.1119
0.0925
0.0717
0.0530
0.0267
0.0246

RADIUS fMETERS. c 0.4262 RADIUS ( ItCHES) &16.7800
OfCRD I METERS) • 0.1989 CHORD ( IJCHES) II: 7.8295
zeSL (METERS) & 0.1156 ZCSl fINCHES' & 4.5531
veSl (METERS) • -0.0029 veSl fINCHES) c-o.1147
RLf (METERS) =0.000333 RlE I INeHE S) • 0.0131
RTE (MET£RS) &0.000518 RYE CINCHES) • 0.0204
X-AR EA ISO. "ElERS );::0 .001059 X-AREA ISQ. IN.) • 1.6414
GAMMA-CHOROCDEG.)= 72.05 GAMM.-tHORDIRAD.)c 1.2576
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Stator, Section 1

ME"f£RS MCHES

Ie VP YS Ie VP YS

0.0 -0.0002 O.ooo~2 0.0 -0.0064- 0.0071
0.0002 -0.0001 0.0003 0.0060 -0.0042 0.0105
0.0024 0.0007 0.0015 0.0926 0.0271 0.0596
0.0047 0.0016 0.0028 0.1853 0.0621 0.1116
o.oon 0.0024 0.0041 0.2780 0.0956 0.1611
0.00. 0.0033· 0.0053 0.3706 0.1290 0.2096
0.0118 0.0041 0.0065 0.4633 0.1616 0.2541
0.0141 0.0049 0.0076 0.5559 0.1941 0.2979
0.0165 0.00S7 0.0086 0.6486 0.2262 0.3393
O.OlM 0.0066 0.0096 0.7412 0.2579 0.3795
0.02~ 0.0074 0.0106 0.8339 ll).2897 0.4169
0.0235 0.0081 O.OllS 0.9265 1t).3181 0.4524
0.0259 0.0088 0.0122 1.0192 0.3449 0.4806
0.0282 0.0093 0.0128 1.1118 0.3671 0.5057
0.0306 0.0098 0.0133 1.2045 0.3162 0.5254
0.0329 0.0102 Oe0137 1.2972 0.'-019 O. !5408
0.0353 0.0105 0.0141 1.3898 0.4118 0.5533
0.0377 0.010? 0.0142 1.4825 0.4194 0.5584
0.0400 0.0107 0.0142 1.5751 0.4231 0.5609
0.0424 0.0107 0.0142 1.6678 0.4230 0.5591
0.0447 0.0107 0.0140 1.7604 0.4201 0.5520
0.0471 0.0104 0.0137 1.8531 0.4112 0.5405
O.M9tt O.Olel 0.0133 1.9457 0.3992 0.5245
0.051. 0.0097 0.0128 2.0384 0.3838 0.5036
0.0541 0.0092 0.0121 2.1311 0.3636 0.4771
0.8565 0.0086 0.0113 2.2237 0.3368 0.4459
0."" 0.0078 0.0104 2.3164- 0.3067 O.t\077
0.0612 0.0069 0.0092 2.4090 0.2717 0.3631
0.0635 0.0059 0.0079 2.5017 0.2309 0.3118
0.0659 0.0046 0.0064 2.5943 0.1823 0.2516
0.0682 0.0032 0.0046 2.6170 0.1265 0.1129
0.07. 0.0016 0.0026 2.n96 0.0631 0.102.
0 ••728 -0.0001 0.0004 2.8672 -0.0041 0.01"
0.0731 -0.0002 0.0002 2.8723 -0._0 0.0093

RADIUS fMETERS) • 0.2667 RADIUS (INCHES. a 10.5000
CHfaC .METERS) - 0.0730 CHORD (INCHES) .. 2.8723
leS&. (METERS J • 0.0365 leSL CINCHE$) a 1.4376
YeSt. (METERS. - 0.0095 YCSL flM:HESJ a 0.3726
RLE eMETERS) -0.000168 RLE (tNOfE S) a 0.0066
RTE 'METERS I -0.080175 RTE (INCHE$) a 0.0069
X-AREA tSQ.METERSJ-O.OOO 193 X-AREA 1:5Q. IN. J .. 0.2986
GAfltA-OfMDf0E6.'a 23.98 GAMMA-cHORDfRAD.)a 0.4184
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Stator, Section 2

METERS INCHeS

IC yp YS lC yp .~

0.0 -0.0002 0.0002 0.0 -0.00.4 0.0071
0.0002 -0.0001 0.0003 0.0061 -0.0043 0.0104
0.0023 0.0007 0.0015 0.0921 0.0259 0.0577
0.0047 0.0015 0.0027 0.1843 0.0582 0.1077
0.0010 0.0023 0.0039 0.2764 0.0897 0.IS51
0.009lt 0.0031 0.0051 0.3686 0.1209 0.2.012
0.0117 0.0038 0.0062 0.4607 0.1513 0.2437
0.0140 0.0046 0.0072 0.5529 0.1812 0.2853
0.0164 0.0054 0.0082 0.6450 0.2108 0.3243
0.0187 0.0061 0.0092 0.7371 0.2398 0.3620
0.0211 0.0068 0.0101 0.8293 0.2688 0.3971
0.0234 0.0075 o .01(),9 0.921~ 0.2950 0.4300
0.0257 0.0081 0.0116 1.0136 0.3196 0.4572
0.0281 0.0086 0.0122 1.1057 0.3402 0.4806
0.0304 0.0091 0.0127 1.1978 0.3575 0.4993
0.0328 0.0094 0.0130 1.2900 0.3719 0.5136
0.0351 0.0097 0.0133 1.3821 0.3810 0.5249
0.0374 0.0098 0.0135 1.4743 0.3878 0.5300
0.0398 0.0099 0.0135 1.5664 0.3909 0.5317
0.0421 0.0099 0.0134 1.6586 0.3903 0.5294
0.0445 0.0098 0.0133 1.7507 0.3869 0.5223
0.0468 0.0096 0.0130 1.8428 0.3787 0.5109
0.0491 0.0093 0.0126 1.9350 0.3670 0.4952
0.0515 0.0089 0.0121 2.0211 0.3520 0.4147
0.0538 0.0085 0.0114 2.1193 0.3328 0.4490
0.056Z 0.0078 0.010~ 2.2114 0.3080 0.4187
0.0585 0.0071 0.0097 2.3035 0.2797 0.3821
0.0609 0.0063 0.0086 2.3957 0.2471 0.3395
0.06~2 0.0053 0.0074 2.4878 0.2089 0.2905
0.0655 0.0042 0.0059 2.5800 0.1644 0.2339
0.0619 0.0029 0.0043 2.6721 0.1137 0.1694
0.0702 0.0014 0.0024 2.7642 0.0565 0.0950
0.0724 -0.0001 0.0003 2.8512 -0.0039 0.0137
0.0726 -0.0002 0.0002 2.8564 -0.0016 0.0088

RADIUS t METERS' := 0.2760 RADIUS r INCHES. =10.8660
CHORD fMETERS , = 0.072~ CHORD ( INCHES) a 2.8564
lCSL CMETERS) II: 0.0363 leSL (IICHES) 8: 1.4307
veSL ..teTERS' II: 0.0089 yeSL ( IN:HESJ := 0.3501
RLE (METERS. -0.000'170 RtE CINCHES) = 0.0067
RTE (METERS) sO.OOO 173 RTE (INCHES) := 0.0068
X-AREA 'SO.METERS'-O .000 194 X-AREA (SO. IN.' = 0.3005
GAMHA-CHORDf DEG.)z: 23.90 GAMMA-cHORDCRAD.)= 0.4171

159



Stator, Section 3

METERS INCt£S

ze y, YS ze yp '"1$

0.0 -0.0002 0.0002 0.0 -0.0064 0.0072
0.0002 -0.0001 0.0003 0.0061 -0.0043 0.0105
0.0023 0.0006 0.0014 0.0917 0.0248 0.0566
0.0047 0.0014 0.0027 0.1833 0.0559 0.1054
0.0070 0.0022 0.0038 0.2750 0.0860 0 ..;1513
0.0093 0.0029 0.0050 0.3666 0.1154 0.1955
0.0116 0.0037 0.0060 0.4583 0.1438 0.2361
0.0140 0.0044- 0.0070 0.5499 0.1713 0.27S7
0.0163 0.0050 0.0079 0.6416 0.1984 0.3122
0.0186 0.0057 0.0088 0.1333 0.2248 0.3475
0.0210 0.0064 0.0097 0.8249 0.2510 0.3804
0.0233 0.0070 0.0104 0.9166 0.2752 0.4109
0.0256 0.0076 0.0111 1.0082 0.2977 0.4372
0.0279 0.0080 0.0117 1.0999 0.3169 0.4589
0.0303 0.0084 0.0121 1.1915 0.3325 0.4767
0.0326 0.0088 0.0124 1.2832 0.3456 0.4901
0.0349 0.0090 0.0127 1.3748 0.3540 0.5002
0.0372 0.0091 0.0128 1.4665 0.3599 0.5052
0.0396 0.0092 0.0129 1.5582 0.3625 0.5062
0.0419 0.0092 0.0128 1.6498 0.3616 0.5035
0.0442 0.0091 0.0126 1.7415 0.3578 0.4964
0.0466 0.0089 0.0123 1.8331 0.3502 0.4850
0.0489 0.0086 0.0119 1.9248 0.3386 0.4696
0.0512 0.0082 0.0114 2.0164 0.3241 0.4495
0.0535 0.0078 0.0108 2.1081 0.3058 o. 'e245
0.0559 0.0072 0.0100 2.1997 0.2828 0.3950
0.0582 0.0065 0.0091 2.2914 0.2561 0.3600
0.0605 0.0057 0.0081 2.3830 0.2254 0.3192
0.0629 o.oo~ 0.0069 2.4747 0.1898 0.2723
0.0652 0.0038 0.0056 2.5664 0.1490 0.2187
0.0675 0.0026 0.0040 2.6580 0.1026 0.1577
0.0698 0.0013 0.0022 2.7497 0.0506 0.0882
0.0720 -0.0001 0.0003 2.8359 -0.0039 0.0132
0.0722 -0.0002 0.0002 2.8413 -0.0073 0.0085

RADIUS (METERS • c 0.2847 RADIUS ( ItCHES. =11.2070
CHORD (METEU) &' 0.0722 CHORD fINCHES' = 2.8413
zeSl CMETE~) a 0.0362 Zc.Sl ( It.\:HES) = 1.4246
~SL IMETERS) • 0.0084 yeSL • INCHES) &' 0.3307
RLE (METERS) *0.000172 RlE fINCHES' = 0.0068
RTE • METERS J -0.000173 RTE ( INCHES) • 0.0068
X-AREA fSQ.METERS)=O .000 195 X-AREA (SO. IN.) • 0.3022
IAMMA-CHOROfDEG.)a 23.85 GAMMA-<:HlROCRAO.I= 0.4162
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Stator, Section 4

METEItS lNetES

ze yp VS ze VP ~

0.0 -0.0002 0.0002 0.0 -0.0065 0.0073
0.0002 .0.0001 0.0003 0.0063 -0.0044 0.0106
0.0023 0.eo06 0.0014 0.0912 0.0240 0.0558
0.0046 0.C014 0.0026 0.1824 0.0542 0.<1034
0.0069 0.0021 0.0038 0.2736 0.0832 0.1481
0.0093 0.0028 0.D049 0.3648 0.1115 0.1911
0.0116 0.0035 • .-59 0.4560 0.1387 0.2306
0.0139 0.0042 0.0068 0.5472 0.1649 0.2690
0.0162 0.0048 0.0077 0.6384 0.1904 0.3041
0.0185 0.0055 0.0086 0.7296 0.2150 0.~76

0.0208 0.0061 0.0094 0.8207 0.2390 0.3689
0.0232 0.0066 0.0101 0.9119 0.2614- 0.3976
0.0255 o.OGn 0.0107 1.0031 0.2820 0.4230
0.0278 0.1076 0.0113 1.0943 0.2999 0.4436
0.0301 0.0080 0.0117 1.1855 0.3141 0.4605
0.0324 0.0083 0.0120 1.2767 0.3258 0.4730
0.034" 0.0015 0.0122 1.3679 0.3334 0 ....20
0.03n 0.0086 0.0124 1.4591 0.D83 0.4867
0.03. 0.0086 0.0124 1.5503 0.3401 0.4867
0.0417 0.0086 0.0123 1.6415 0.3384 0.4834
0.0440 0.0085 0.0121 1.7327 0.3340 0.4759
0.0463 0.0013 0.0118 1.8239 0.3264 0.4642
0.0486 0.0080 0.0114 1.9151 0.3147 0.4487
0.0510 0.0076 0.0109 2.0063 0.3003 0.4287
0.0533 0.0072 0.0103 2.0975 0.2826 o.~o

0.05" 0.0066 0.0095 2.1886 0.21610 0.3751
0.0579 0.0060 0.0087 2.2798 0.2357 0.3415
0.0602 0.00'2 0.0077 2.3710 0.2067 0.3023
0.0625 0.0044- 0.0065 2.4622 0.1734 0.2571
0.0649 0.0034- 0.0052 2.5534 0.1356 0.2059
0.0612 0.0021t 0.0038 2.6446 0.0929 0.1479
0.0695 0.0012 0.0021 2.7358 0.Oft53 0.0821
0.071' -0.0001 0.0003 2.8214 -0.0039 0.0129
0.0718 -0.0002 0.0002 2.8270 -0.0071 0.0013

RADIUS flETEItS) - 0.2933 RADIUS (INCHES' -11.5480
CHORD UET£RSt - 0.0718 CHORD CINCHES) - 2.8270
lCSl (METERS) a 0.0361 leSl fIIDfES) a 1.4207
YCSL (METERS) a 0.0080 yeSL (INCHES) & 0.3158
RLE (METERS) -0.000174 RLE f INCHES, a 0.0069
RTE (METERS) -0.000175 RTE fINCHES) - 0.0069
X-AREAtSQ.METERS)-0.OOOI96 X-AREA (SQ. IN.) a 0.3041
GA"'A-CHOROC ~G.)e 23.97 GAMMA-eHORDfftAD.)a 0.4183
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Stator, Section 5

METERS INCHES

Ie ,., YS Ie yp vs
0.0 -0.0002 0.0002 0.0 -0.0069 0.c.T7
0.0002 -0.0001 0.0003 0.0067 -0.0047 0.0112
0.0023 0.0006 0.0014 0.0896 0.0225 0.0549
0.0046 0.0013 0.0026 0.1792 0.0516 0.1011
0.0068 0.0020 0.0037 0.2688 0.0791 0.1444
0.0091 0.0027 O.ocMlV 0.3584 0.1058 0.1860
0.0114- 0.0033 0.00'., 0.4480 0.1313 0.2238
0.0137 O.OOItO 0.0066 0.5376 0.1556 0.2604
0.01'9 0.0045 0.0075 0.6272 0.1789 0.2938
0.0182 0.0051 0.0083 0.7168 0.2011 0.3255
0.0205 0.0057 0.0090 0.8064 0.2225 0.3549
0.0228 0.0062 0.0097 0.8960 0.2ft.24 0.3122
0.0250 0.0066 0.0103 0.9856 0.2611 0.~70

0.0273 0.0071 0.0109 1.0752 0.2782 0.4275
0.0296 0.0074 0.0113 1.1648 0.2915 0.4449
0.0319 0.0077 0.0116 1.2544- 0.3024 O.~72

0.03~1 0.0079 0.0118 1.3440 0.3097 0.4663
0.0364 0.0080 0.0120 1.4336 0.3142 0.4705
0.0387 0.0080 0.0120 1.5232 0.31'9 0.4709
0.0410 0.0080 0.0119 1.6128 0.3136 0.1e678
0.0432 0.0078 0.0117 1.7024- 0.3088 0.4603
0.0455 0.0076 0.0114- 1.7920 0.3009 0.1t413
0.0478 0.0074 0.0110 1.8816 0.2897 0.4330
0.0'01 o.oeno 0.0105 1.9712 0.2754 0.4131
0.0523 0.0066 0.0099 2.0608 0.2581 0.3883
0.0546 0.0060 0.0091 2.15:04 0.2374 0.3595
0.0569 0.0054 0.00.3 2.2400 0.2131 0.3261
0.0'92 0.0047 0.0073 2.3295 0.1858 0.2877
0.0614 0.0039 0.0062 2.4192 0.1551 0.243.
0.0637 0.0030 0.0049 2.5087 0.n99 0.1944
0.0660 0.0021 0.0035 2.5983 0••11 0.1392
0.0683 0.0010 0.0020 2.6880 0.0386 0.ern4
0.0704 -0.0001 0.0003 2.771' -0.....1 0.01.31
0.0705 -0.0002 0.0002 2.7775 -0.0072 0.008'

RADIUS (METERS) a 0.3175 RADWS (INCHES) a 12.5000
OflJtD (MEtERS) a 0.0105 CHORD (ItCHES) a 2.7775
ICSL (METERS) a 0.0358 ZCSL fINCHES) a 1.4095
"teSL fMETERS) a 0.0(116 VCSL (ItCHES) a 0.3003
RLE CJteTERSJ aO.000185 RLE (INCHES) a o.oon
ItTE (METERS) -0.000184 RTE (INCHES' • 0.0072
X-ARElfSQ.METERS.-0.000202 X-AREA ISO. IN.) a 0.3129
GAMMA-eHOROfOEG.)a 24.35 GAM...·-CHORO.RAD. t& 0.4250
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Stator, Section 6

METERS tNCtES

IC yp VS IC lIP VS

0.0 -0.0002 0.0002 0.0 -0.0072 0.0080
0.0002 -0.0001 0.0003 0.0070 -0.0049 0.0117
0.0022 0.0005 0.0014 0.0875 0.0212 0.0543
0.0044 0.0013 0.0025 0.1749 0.0494 0.0999
0.0067 0.0019 0.0036 0.2624 0.0758 0.1419
0.0089 0.0026 0.0046 0.3498 0.1013 0.1829
0.0111 0.0032 0.0056 0.4372 0.1257 0.2195
0.0133 0.0038 0.0065 0.5247 0.1488 0.2549
0.0155 0.0043 0.0073 0.6121 0.170a 0.2871
0.0118 0.0049 0.0081 0.6996 0.1917 0.3186
0.0200 0.0054 0.0088 0.7870 0.2118 0.3471
0.0222 0.0058 0.0095 0.8745 0.2302 0.3738
0.0244 0.0063 0.0101 0.9619 o•2ft.,8 0.3980
0.0267 0.0067 0.0107 1.0494 0.2643 0.4195
0.0289 0.0071 0.0111 1.1368 0.2782 0.~a8

0.0311 0.0074 0.0115 1.2243 0.2898 0.4523
0.0333 0.0076 0.0118 1.3117 0.2983 0.4627
0.035' 0.00"" 0.0119 1.3992 0.3036 0.4687
0.0378 0.0078 0.0120 1.4866 0.3062 0.4705
0.0400 0.0077 0.0119 1.5741 0.3047 0.4690
0.0422 0.0076 0.0117 1.6615 0.3008 0.4621
0.0444 0.0015 0.0115 1.1490 0.2938 0.4514
0.0'66 0.0072 0.0111 1.8364 0.2834 0.4361
0.0... 0.0069 0.0106 1.9239 0.2700 0.4176
O••u 0.0064 0.0100 2.0113 0.2536 0.3938
0.0133 0.0059 0.0093 2.0988 0.2333 0.3657
O.05H 0.0053 0.0085 2.1862 0.2098 0.3330
0••78 0.0046 0.0075 2.2737 0.1831 o. Z945
0.0'600 0.0039 0.0064 2.3611 0.1526 0.2502
0.0622 0.0030 0.0054 2.4486 0.1185 0.2002
0.0644- 0.0020 0.0037 2.5360 0.0802 0.1439
0.0666 0.0010 0.0020 2.6235 O.CBal 0.0804
0.0687 -0.0001 0.0004 2.7047 -0.0042 0.0142
0.0689 -0.0002 0.0002 2.1109 -0.0014 0.0091

RADIUS CMETEU) - 0.3429 RADIUS InCHES) -13.5000
CHORD (METERS) tr: 0.0689 CHOR.D CINCHES. e 2.7109
leSL IMETERS. • 0.0353 leSL ( INCHES) - 1.3905
veSL (METERS) - 0.0075 yeSl CIM:HES) - 0.2964
R.lE .MeTERS) -0.000194 RlE (INOfESJ - 0.0076
RTE 'METERS) eO.000193 RYE «INCHES) - 0.0076
X-AREA (SQ.METERS)-O .OOOZ07 X-AREA (SQ. IN.) c 0.3211
GAMMA-CHOROfDEC.)- 24.27 GAMMA-CHORDfRAO. Ie 0.4237
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Stator, Section 7

MEtERS :rNCHES

K yp YS ze yp vs
. 0.0 -0.0002 O.ooOi2 0.0 --0.0015 0.0886

0.0002 -0.0001 0.0003 0.0073 --0.0051 0.ca25
0.0022 0.0005 0.0014 0.0851 0.0210 0.0551
0.0043 0.0012 0.0026 0.1102 0.0491 0.1014
0.006' 0.0019 0.0036 0.2552 0.0756 0.1434
0.0016 0.0026 0.0047 0.3403 0.1011 0.1844
O.Olee· 0.0032 0.0056 0.4254 0.1253 0.2214
0.0130 0.003' 0.0065 0.5105 0.1482 0.2570
0.0151 0.0043 0.0074 0.5956 0.1699 0.2199
0.0173 0.0048 0.0081 0.6806 0.1905 0.3207
0.019ft 0.0053 0.0089 0.7657 0.2101 0.~92

0.0216 0.005. 0.0095 0.8508 0.2280 0.3757
0.0238 0.0062 0.0102 0.9359 0.2451 0.3998
0.0259 0.0066 0.0107 1.0209 0.2l'09 0.4218
0.0281 0.0070 0.0112 1.1060 0.2752 0.4423
0.0303 0.00'D 0.0116 1.1911 0.2818 0.4515
0.0324 0.00.,6 0.0119 1.2162 0.2975 0.'-699
0.0346 0.0077 0.0121 1.3613 0.3042 0.4782
0.0367 0.0078 0.0122 1.4463 0.3076 0.4815
0.0319 0.0018 0.0122 1.5314 0.3077 0.4810
0.0411 0.0077 0.G121 1.6165 0.3049 0.4760
0.0432 0.00?6 0.0119 1.7016 0.2990 0.4667
0.0454 0.0073 0.0115 1.7866 0.2890 0.4536
0.04-15 0.0070 0.0110 1.8717 0.2762 0.4a50
O.~97 0.0066 0.0105 1.9568 0.2600- 0.4116
0.0519 0.0061 0.00.7 2.0419 0.2404 0.3837
0.0540 0.0055 0.00'9 2.1270 0.2169 0.3504
0.0562 0.0048 0.0079 2.2121 0.1901 0.3115
0.0583 0.0040 0.0068 2.2971 0.1591 0.2663
0.0605 0.0031 0.0054 2.3822 0.1237 0.2144
0.0627 0.0021 0.0039 2.4673 0.0841 0.1551
0.0648 0.0010 0.0022 2.5524 0.C*)0 0.0869
0.0668 -0.0001 0.0004 2.6311 --0.0043 0.0157
0.0610 -0.0002 0.0003 2.6374 -0.0078 0.0100

RADIUS 'METERS'. It 0.3683 RADIUS fltCHES' -14.5000
,"o'tO (MEtERS' - 0.0670 CHORD CINCHES. It 2.6374
ZCSL .METlU) It 0.0347 zeSL CItC:HES) It 1.3679
vtSL ."EYERS) c 0.0077 yeSL «INCHES' It 0.3017
RLE (METERS) -0.000204- RLE fINCHES' - 0.0080
RTE ..ETERS) -0.000204 RYE I INCHES) • 0.0080
X-AREAfSQ.METERSJItO.OO0213 X-AREA '(SQ. IN.) It 0.3299
GAMA-CHOROC OEG.)c 23.20 GAMMA-CHORDCRAD••- 0.4049
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Stator, Section 8

METERS INelES

ze yp YS ze VP 'IS

0.0 -0.0002 0.0002 0.0 -0.0078 0.0089
0.0002 -0.0001 0.0003 0.0074 -0.0051 0.0132
0.0021 0.0006 0.0015 0.0831 0.0222 0.OS74
0.0042 0.0013 0.0027 0.1662 0.0518 0.1058
0.0063 0.0020 0.0038 0.2493 0.0198 0.1493
0.0084 0.0027 0.0049 0.3324 0.1067 0.1917
0.0106 0.0034 0.0059 0.4155 0.1323 0.2305
0.01Z' 0.0040 0.0068 0.4985 0.1565 0.2675
0.01ItS 0.0046 0.0077 0.5816 0.1794 0.3018
0.0169 0.0051 0.0085 0.6647 0.2011 0.3340
0.0190 0.0056 0.0092 0.7478 0.2217 0.M37
0.0211 0.0061 0.0099 0.8309 0.2406 0.3914
0.0232 0.0066 0.0106 0.9140 0.2586 0.4164
0.0253 0.0070 0.0112 0.9971 0.2751 0.4394
0.0274 0.0074 0.0117 1.0802 0.2903 0.4607
0.0295 0.0077 0.0121 1.1633 0.3041 0.4782
0.0317 0.0080 0.0125 1.2464 0.3157 0.4933
0.03. 0.0012 0.0128 1.3295 0.3246 0.5037
0.03~ 0.0084 0.0129 1.4126 0.1300 0.5097
0.0380 0.0084 0.0130 1.4957 0.3320 0.5113
0.0401 0.0014 0.0129 1.5787 0.3311 0.5085
0.0412 0.0013 0.0127 1.6618 0.3262 0.5012
0.0443 0.0011 0.0124 1.7449 0.3178 0.4895
0.0461t 0.0078 0.0120 1.8280 0.3063 0.4724
0.0415 0.0074 0.G114 1.9111 0.2907 0.4503
0.0507 0.0069 0.010"? 1.9942 0.2701 0.4229
0.0528 0.0062 0.0099 2.0773 0.2457 0.3894
0.0549 0.0055 0.0089 2.1604 0.2168 0.:M-84
0.0510 0.1047 0.0076 2.2435 0.1831 0.3006
0.0591 0.to37 0.0062 2.3266 0.1441 0.2448
0.0612 0.0025 0.0046 2.4097 0.0993 0.179"
0.0633 0.0012 0.0026 2.4928 O.OttI". 0.1025
0.0653 -0.0001 0.0005 2.5699 -0.0043 0.0179
0.0654 -0.0002 0.0003 2.5758 -0.0083 0.0113

RADIUS UETERS) IE 0.3845 RADIUS CINCHES) -=15.1390
CHORD C.eTERS » • 0.0654 CHORD ClICHES) II: 2.5758
leSL IfETERS. - 0.0343 Z'SL ( ItCHES) • 1.3493
.eSL fMEftRS» - 0.0082 veSL fINCHES) =0.3225
aLI ( ..eTERS) -0.000210 RLE CINCHES. I: 0.0083
aTE ..tiTERS) -0.000209 RTE (INCHES) II: 0.0082
I-AREAfSQ.METERSJ-O.OOO216 X-AREA ISO. IN.' • 0.3354
U""-cHORoe DEC. tit 22.01 GAMJIA-cHORDfItAO. Ie 0.3841
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Stator, Section 9

"f1'£RS INCf£S

IC yp YS IC VP Y.S

0.0 -0.0002 0.0002 0.0 -0.0081 0.0094
0.0002 -0.0001 0.0004 0.00'73 -0.0050 0.0142
0.0021 0.0007 0.0016 0.0811 0.026S 0.0634-
0.0041 0.0016 0.0030 0.1622 0.0611 0.1173
0.0062 0.0024 0.0042 0.2433 0.0936 0.1657
0.0012 0.0032 0.0054 0.3243 0.1246 0.2126
0.0103 0.0039 0.0065 0.4054 0.1540 0.2556
0.0124 0.0046 0.0075 0.4865 0.1819 0.Z962
0.0144 0.0053 0.0085 0.S676 0.2080 0.3337
0.0165 0.0059 0.0094 0.6481 0.2325 0.3687
0.01. 0.006' 0.0102 0.7298 0.2555 0.4007
0.0206 0.001'0 0.0109 0.8109 0.Z'l64 0.4305
0.0227 0.00'" e.0116 0.8919 0.2961 0.4567
0.0247 0.0080 0.0122 0.9730 0.3136 0.4808
0.0268 0.0084 0.0128 1.0541 0.3294 0.5023
0.02. 0.0087 0.0132 1.1352 0.~38 0.5Z06
0.0309 0.0090 0.0136 1.2163 0.3557 0.5368
0.03. 0.0093 0.G139 1.297·4 0.3652 0.5482
0.0350 0.0091\ 0.0141 1.3784- 0.3f16 0.5553
0.03'71 0.0095 0.0142 1.459:5 0.3738 0.5582
0.0191 0.0095 0.0141 1.5406 0.3726 o. ",.,
O.M12 0.0093 0.0139 1.621" 0.3673 0.5487
0.0433 0.0091 0.0136 1.7021 0.3580 0.5363
0.0453 0.0088 0.0132 1.7839 0.~52 0.5188
0.0474 0••83 0.0126 1.8650 0.3276 0.4955
0.04. 0.00'18 0.0119 1.9460 0.3052 0 ....77
0.0515 0.0071 0.0110 2.0271 0.2185 0.e14
O.OS. 0.0063 0.00.8 2.1082 0.2468 0.3878
0.0556 0.0053 0.0015 2.1a93 0.2089 0.3364
0.05'" 0.0042 0.0070 2.2704 0.1648 0.2757
0.0597 0.0029 0.0052 2.3515 0.1145 0.2035
0.0618 0.0014 0.0030 2.4325 0.0563 0.1172
0.0637 -0.0001 0.0005 2.5011 -0.0044 0.0206
0.0638 -0.0002 0.0003 2.5136 -o.c.e9 0.01.35

RADIUS 'tETEItS) - 0.3977 RADIUS fINCHES. -U.6570
CHORD (METEU. - 0.0638 CHORD (INCHES' • 2.5136
zeSl lME'R1tS1 - 0.0337 zeSL fIlCHES) 8: 1.3277
VCSL 'METEU) - 0.0091 yesl CINCHES) 8: 0.3573
RLE flETtRS) -0.000213 RLI fINCHES) 8: 0.0084
RTE (METEIS) -0.000219 RYE (INCHES. - 0.0086
X-MOCSQ.MEtERSJ-O.OOO219 X-AREA ISQ. IN.) 8: 0.3402
GAMNA-eHORDfDEG.)- 20.32 GAMMA--cHORD(RAD. J. 0.3546
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Stator, Section 10

METERS INCHES

IC yp YS Ie ~ vs

0.0 -0.0002 0.0002 0.0 -G.OO83 0.0098
0.0002 -0.0001 0.0004 0.0072 -0.0049 0.0151
0.0020 0.0008 0.0017 0.0799 0.0302 0.0682
0.0041 0.0017 0.0032 0.1597 0.0681 0.'1266
0.0061 0.0026 0.0045 0.2396 0.1037 0.1784
0.0081 0.0035 0.0058 0.3195 0.1375 0.2286
0.0101 0.0043 0.0070 0.3993 0.1693 0.2741
0.0122 0.0051 0.0081 0.4792 0.1995 0.3170
0.0142 0.0058 0.0091 0.5591 0.2274 0.3564
0.0162 0.0064 0.0100 0.6389 0.2534 0.3929
0.0183 0.0070 0.0108 0.7188 0.2775 0.4259
0.0203 0.0076 0.0116 0.7987 0.2993 0.4565
0.0223 0.0081 0.0123 0.8785 0.3199 o. "829
0.0243 0.0086 0.0129 0.9584 0.3374 0.5069
0.0264 0.0090 0.0134 1.0383 0.3532 0.5279
0.0284 0.0093 0.0139 1.1181 0.3673 0.5460
0.0304 0.0096 0.0143 1.1980 0.3788 0.5622
0.0325 0.0099 0.0146 1.2779 0.3883 0.5738
0.0345 0.0100 0.0148 1.3577 0.3949 0.5814
0.0365 0.0101 0.0149 1.4376 0.3911 0.5849
0.0385 0.0101 0.0148 1.5175 0.3957 0.5823
0.0406 0.0099 0.0146 1.5973 0.3904 0.5153
0.0426 0.0097 0.0143 1.6772 0.3804 0.5629
0.0446 0.0093 0.0138 1.7570 0.3668 0.5450
0.0467 0.0089 0.0132 1.8369 0.3486 0.5212
0.0487 0.0083 0.0125 1.9168 0.3252 0.4927
0.0507 0.0076 0.0116 1.9966 0.2976 0.4553
0.0527 0.0067 0.0104 2.0765 0.2641 0.4103
0.0548 0.0057 0.0091 2.1564 0.2232 0.3510
0.0568 0.0045 0.0075 2.2362 0.1765 0.2939
0.0588 0.0031 0.0055 2.3161 0.1230 0.2183
0.0609 0.0015 0.0032 2.3960 0.0606 0.1273
0.0627 -0.0001 0.0006 2.4704 -0.0048 0.0233
0.0629 -0.0002 0.0004 2.4758 -0.0096 0.0157

RADIUS (METERS • • 0.4064 RADIUS ( It£HES) =16.0000
CHORD (METERS) - 0.0629 CHORD ( I~HES) = 2.4758
ZCSL (METERS. • 0.0333 ICSL ( IrcHES) • 1.3117
veSL UteTeRSI • 0.0096 VCSl fINCHES) • 0.3777
RLE (METERS) cO.000216 RLE I INCHES' .. 0.0085
RTE (METERS) aO.000234 RTf CINOtES. - 0.0092
X..AR fA (!'O. METERS )-0.000222 X-ARfA ISQ. IN.) • 0.3440
GAMMA-OHORDfDEG.)= 19.05 GAMMA-tHOROfRAO.)a 0.3325
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INTRODUCTION

This appendix describes the materials and construction of four ultra-high tip speed fan blades
and their spin test evaluation. The blades were constructed of HT-S graphite fiber in polyi­
mide Kerimid 601. Twenty blades were fabricated, but sixteen (blades SiN 1 through SiN 15
and SiN 19) were used to develop processes and tooling. This appendix summarizes the re­
sults of spin tests, bench frequency tests, and strain-gage measurements made on the four
evaluation blades, SiN 16, SiN 17, SiN 18, and SiN 20.

BLADE CONSTRUCTION

The materials and the composite ply orientation and thicknesses of each test blade are de­
fined in Table I-I. The reinforcement was HT-S graphite fiber, and the composite construction
was a shell-core design. Blades SiN 16, SiN 17, and SiN 18 had ±40° shell plies separated
from the 00 core plies by a simple pair of ±20° transition plies. Blade SIN 20 was modified
to incorporate ±100 core plies.

TABLE I-I

BLADE CONSTRUCTION

Ply Thickness
Ply Orientation (degrees) (mm) Leading

Blade SiN Fiber Resin Tip Shell Trans. Core Shell Core Edge

16 HT-S Kerimid 601 ±75 ±40 ±20 0 0.127 0.254 Yes
(5 mils) (10 mils)

17 HT-S Kerimid 601 ±75 ±40 ±20 0 0.127 0.254 Yes

18 HT-S Kerimid 601 ±75 ±40 ±20 0 0.127 0.254 Yes

20 HT-S Kerimid 601 ±75 ±40 ±20 ±10 0.127 0.254 Yes

BLADE EVALUATION METHODS

All blades were radiographed, ultrasonically inspected, and bench frequency checked upon
receipt at P&WA. The blades were then spin tested, and those blades that did not fail catas­
trophically were frequency tested a second time. A summary of bench frequencies, including
predicted frequencies, is shown in Table I-II.

Initial evaluation in the spin pit consisted of acceleration from 60 to 100 percent speed in 10
percent increments - 100 percent speed is at 15,200 rpm. After each incremental change,
the blade was ultrasonically inspected.

Blades SiN 16 and SIN 18 were low-cycle-fatigue (LCF) tested after the initial spin evalua­
tion. These two blades were also strain gaged.
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TABLF I-II

FRLQUFNCY TISTIN(; SUMMARY

Frequency (liz)

Mode Prediction

Ist Bending 250

Ist Torsion 760

2nd Bending 840

Tip 850

Blade SiN 16 Blade SiN 17 Blade SIN 18 . Blade SIN 19
Before After Before After Before After Before After
~ .~ -~ 2ri!L ~ ~ -~ Spin

249 224 251 256 256 249

249 707 813 864 851 814

932 856 908 960 906 932

1165 991 1268 1388 1410 1311

TEST RESULTS

Blade SiN 18 was the only blade to survive the entire testing procedure although significant
delamination and change in natural frequency were observed.

The results of the blade natural-frequency tests are shown in Table I-II. Blades SiN 16 and
SiN 18 were frequency tested before and after the initial spin. First bending frequency
changes of -25% and 0% were noted for blades SiN 16 and SiN 18, respectively. First
torsion frequency changed -13% and 1.5%. Second bending frequency changed -8% and
-5.8%. The degree of delamination was more significant in blade SiN 16 than in SiN 18
since the initial spin-up of blade SiN 16 was to 110 percent speed while blade SIN 18 was
spun only to 90 percent speed. The higher degree of delamination in blade SiN 16 quali­
tatively explains the blades larger frequency drop.

Strain-gage measurements were taken on blades SiN 16 and SiN 18. Table I-III shows the
location of the gages and summarizes the strain measurements at 10,600 rpm. All gages
were linear at least to 10,660 rpm. Some gages exhibited nonlinear behavior at higher speeds,
indicating that some internal change had occurred in the blade. The strains measured by
back-to-back gages indicated significant bending in the blades. Some of this can be at­
tributed to the axial and tangential tilt of the blade which would normally be reduced by gas
bending loads not present in the spin pit. The highest measured strain occurred at location
3, the area of the leading edge hook analytically predic ted to be the highest stress region.

The spin test history of each blade is summarized in Table I-IV. Figures 1-1 and 1-2 show the
results of P&WA ultrasonic and visual inspections at various stages in the evaluation.

Prior to testing, blade SiN 16 had core radial cracks which were detected by radiography,
but no delamination at the leading edge hook area. The delamination progressed at 90 and
110 percent speeds, as shown in Figure 1-1. The blade was then subjected to LCF cycles with
a speed excursion from 1000 rpm to 16,7200 rpm (110% speed). The blade failed catastrophic­
ally after 11 cycles.
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Gage Number

TABLE I-III - BLADE STRAIN-GAGE RESULTS

Strain at 10,660 rpm (fl cm/cm)
Blade SiN 16 Blade SiN 18

1
2

3
4

5
6

7
8

1300
400

3000
800

300
2400

1500
300

21.03 em

GAGE LOCATIONS (em)

x

y

2,8

o
6

Il

1450
500

3100
400

2600

300
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GAGE

1,7

2,8

3

4

5

6

L
7.62

7.62

2.54
2.54

10.16

10.16

y

4.32

4.32
1.27

1.27

1.27

1.27



TABLE I-IV BLADE SI'IN-HST RESULTS

Blade Initial Spin + Ultrasonic Inspection
S/N Pretest Condition 707£ 80% 90(>; 100'i! 110'i! LCF/HFF Cycles

16 No delamination Dclam. Dclam. Delam. Growth Catastrophic failure in II cycles at
Core radial cracks growth 110% speed.

17 No delamination No delam.
Core radial cracks at R.T.

Delam. at
350°F. Ti
pads & Al
wedges un-
bonded

18 No delamination No delam. Delam. Delam. I) 50 LCF cycles «I 90% speed.
Core radial cracks Growth Slight growth of delam. area.

2) HFF tested at 10 ksi for 107

cycles. No growth.
3) 10 LCF cycles (a i 90% speed. No

growth.
4) 30 LCF cycles (a i 100% speed.

Slight growth.

20 No delamination Root & tip Delam. Delam. Same as Catastrophic
Core radial cracks cracks growth growth 90% failure at

Dclam. 101% speed

Blade SiN 17 had core radial cracks but no delamination prior to testing. Initially the blade
was spun to 70 percent speed at room temperature. Ultrasonic inspection showed no delam­
ination. The test was rerun to 70 percent speed but at 177°C [350°F] and delamination
occurred, as shown in Figure I-I. In addition, the titanium pads and aluminum wedges in
the attachment became unbonded, tenninating the test.

Blade SiN 18 was subjected to the most extensive testing of the four blades. Prior to testing
the blade showed core radial cracks but no delamination. Delamination showed up initially
at 80 percent speed, as shown in Figure 1-2, and progressed significantly at 90 percent speed.
The blade was then subjected to 50 LCF cycles at 90 percent speed with slight growth in
the delaminated area. Blade SiN 18 was then high-frequency-fatigue (HFF) tested in first
bending at ±6.900 N/cm2 [10,000 Ibf/in.2) for 107 cycles. No growth occurred in the
delaminated area. Low-cycle-fatigue testing at 90 percent speed continued for 10 cycles
with no delamination growth. The LCF speed was changed from 90 to 100 percent, and
the blade was cycled for 30 cycles with only a slight growth in the delaminated area. Test­
ing was then tenninated.

Blade SIN 20 was fabricated with ±10° core plies instead of 0° plies in an effort to eliminate
core radial cra.eking. The radial cracks were reduced but not eliminated. The blade did not.
show delamination prior to testing. At 70 percent speed, root and tip cracks were observed
visually and, as shown in Figure I-I, delamination was present. The delamination progressed
at 80 percent and 90 percent speeds, and showed no progression between 90 and 100 per­
cent speeds. The blade failed catastrophically at 101 percent speed.
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CONCLUSIONS

Kerimid 601 blades in an aerodynamic rig program represent a significant structural risk.
The rotor would have to be limited to 90 percent speed and inlet temperatures to -40°F.

The reduction in torsional frequency that occurs after spin-up can create a second mode,
low-order-resonance problem (3E) which would further limit the rig operating range.
Therefore, the use of Kerimid 601 blades in the ultra-high speed fan aerodynamic program
would result in a structural configuration having only a minimal chance of success.

BLADE SiN 17

VISUAL
METAL
EDGE

BLADE SiN 20

BLADE SiN 16

70%

176.7oC [350°F]

70%

90%

90%

80% -f-7'.W,;,,-/,I/

110%
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Figure I- I Ultrasonic and Visual Inspection Results



90% _-..~,

BLADE S!N 18

AFTER INITIAL SPIN-UP

TEST SEQUENCE

1) 1) 10 CYCLES AT 90% SPEED
2) 5 CYCLES AT 90% SPEED
4) 35 CYCLES AT 90% SPEED
4) 107 HFF CYCLES
5) 10 CYCLES AT 90% SPEED
6) 10 CYCLES AT100% SPEED
7) 10 CYCLES AT 100% SPEED

5 6),7) 8) 10 CYCLES AT 100% SPEED

'Jl.i~-- 6), 7),8)

LCF SPIN AND HFF BENCH TESTS

Figure 1-2 Ultrasonic and Visual Inspection Results
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INTRODUCTION

This appendix describes the materials and construction of nine ultra-high tip speed fan blades
and their spin test evaluation. The blades were fabricated by TRW Equipment, Cleveland,
Ohio under several NASA-Lewis contracts including NAS3-17772, NAS3-l8939, and Pur­
chase Order C-65605. The blade design was developed under contract NAS3-l5335 by Pratt &
Whitney Aircraft, East Hartford, Connecticut where the spin testing was also accomplished.
It is the purpose of this appendix to summarize the various improvements in materials, com­
posite design and processing methods during the evaluation of the blade and to correlate
these factors with performance. Specific details of the blade fabrication are found in final
reports generated by TRW on the above mentioned contracts.

During the course of the development of the ultra-high speed blade, a new and unique type
of polyimide resin designated PMR was developed by NASA-Lewis personnel, which provided
higher temperature capability, greater ductility, and improved translation of fiber properties
in graphite fiber composites than the composite matrix resin originally selected for the high
speed blade. With the development of processing procedures for PMR/Gr composites by
TRW under the above mentioned contracts which were appropriate for fan blade fabrication,
it became appropriate to evaluate the PMR-Pl composite in the very demanding application
of the ultra-high tip speed fan blade. Several blades were thus fabricated and submitted for
evaluation which included spin testing, low cycle fatigue and high frequency fatigue methods.

BLADE CONSTRUCTION

Table J-I defines the materials of construction and the composite ply orientation and thickness
used for each of the blades evaluated. Blades SIN T-l and SiN T-2 were of identical construc­

tion to the blades originally evaluated on NAS3-15335 with the exception of the substitu-
tion of PMR-l5 polyimide resin as the composite matrix. The reinforcement was HT-S gra­
phite fiber from Hercules and the composite construction was of a shell/core design with the
±40° shell plies separated from the 0° core plies by a single pair of ±20° transition plies.
Blade SiN T-4 was modified to incorporate a ±30° shell and an interspersed (+10° , 0° , _10° ,
OO)n core.

TABLE J-I - BLADE CONSTRUCTION

Ply Orientation (degrees) Ply Thickness (mm)

£~ 1Blade SiN Fiber Resin Tip Shell Trans. Shell Core bL

T-1 HT-S PMR-15 ± 75 ±40 ±20 0 0.127 0.254 None
T-2 HT-S PMR-15 ± 75 ±40 :t 20 0 0.127 0.254 None
T-4 HT-S PMR-15 ± 75 ±30 ±30 (I 0,0,-1 O,O)n 0.127 0.254 None
T-9 A-S PMR-11 ±60 (+40,0,-40,O)n 0.127 0.254 None
T-lD A-S PMR-11 ±60 (+40,0,-40,O)n 0.127 0.254 None
T-12 A-S PMR-ll ±60 (+40,0,-40,O)n 0.127 0.254 Yes
T-14 A-S PMR-11 ±60 (+40,0.-40,O)n 0.127 0.254 Yes
T-21 A-S PMR-11 ±60 (+40,0,-40,O)n 0.127 0.254 Yes
T-n A-S PMR-11 ± 60 (+40,0,-40,O)n 0.127 0.254 Yes

Note 1: L.E. = leading edge
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For blades SIN T-9 and beyond, type A-S fiber was substituted for HT-S, representing a
somewhat higher tensile and composite shear strength reinforcement at slight reduction of
fiber modulus (30 vs. 34 msi). A PMR-ll resin was also substituted for PMR-15 which had
been established on the referenced programs to provide suitable composite mechanic pro­
perties for the intended environment. A major change in these blades, however, included
the use of a totally interspersed composite construction (+40°,0°, -40°, OO)n instead of the
shell/core design used on previous blades.

Several minor changes were also incorporated into blades SiN T-9 and SIN T-10 including:

• Increased ply length (0.10 16 - 0.1524 cm [0.040 - 0.060 in.] ) at root and tip to
better fill the idle cavity.

• Reduced the resin content by 3 percent to compensate for lower flow.

• Reduced the 0.254 mm [10 mil] core ply thickness by 5 percent.

• Replaced parts of three plies (20, 26, 56) which had been deleted earlier to ac­
commodate an oversize condition near the root.

Blades SIN's T-12 through T-22 were further modified by substituting 0.127 mm [5 mil]
prepreg, which had demonstrated improved composite properties, for the 0.254 mm [10 mil]
prepreg previously used. Also, these blades incorporated a 0.0762 mm [3 mil] electroformed
nickel leading edge guard secondarily bonded to the blade with a high temperature epoxy
paste adhesive which was also used for the titanium pressure pad.

BLADE EVALUATION METHODS

Before shipment, all blades were radiographed and ultrasonically and dimensionally inspec­
ted. The blades were again radiographed and ultrasonically inspected at P&WA prior to spin
testing. Initial evaluation in the spin pit involved acceleration to speed from 60 percent to

110 percent in 10 percent increments with ultrasonic evaluation after each increment. One
hundred percent speed was at 15,200 rpm. Following initial spin-up tests, blades were sub­
jected to fifty cycles of low cycle fatigue (LCF) by repeatedly spinning briefly to 100 to
105 percent speed with ultrasonic inspection at each 10 cycle increment.

With survival of LCF, the blades were then subjected to ten million cycles of high frequency
fatigue (HFF) on a vibration table. Blades were excited at their first bending frequency
mode with sufficient energy to achieve a 0.508 cm [0.200 in.] total tip amplitude displace­
ment. A final series of tests included an additional ten cycles in LCF at the same speed as
the original LCF. Natural frequency measurements were made on the blade initiallY and
after each major type of testing. First and second bending and first torsional modes were
determined. In addition to these tests, visual examinations were made at each step of the
evaluation.
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TABLE J-II - BLADE NATURAL FREQUENCIES, Hz

Blade SiN
(speed) 1st Bending 2nd Bending 1st Torsion

Drawing Requirements 250 ± 13 840 ±42 845 ±42
Initial T-I 248 932 804

T-4 269 997 808
T-9 261 985 813
T-lO 258 975 815
T-12 284 1025 789
T-14 281 1029 777
T-21 283 1026 768
T-22 280 1017 766

After 1st Spin T-12 (105%) 265 987 762
T-22 (100%) 267 995 748

After 50 Cycles LCF T-2 (100%) 226 889 731
T-lO (110%) 244 953 783
T-14 (105%) 262 988 736

After I07 Cycles HCF T-2 220 884 727
T-lO 238 939 777
T-14 257 986 735

After 10 Cycles LCF T-lO (110%) 238 938 777
IT-14 (105%) 264 975 738

Note 1: Taping down of loose edge protector may have affected these frequencies.

TEST RESULTS

Three of these unusually highly stressed blades survived the entire testing procedure although
not without internal damage and changes in natural frequencies. The results of the natural
frequency tests are presented in Table J-II. Several observations are noted: the bending fre­
quencies of the ±30° shell, ±10° , 0° interspersed core of blade SIN T-4 were slightly higher
than the basic design (SiN T-l) while the torsional frequency indicated no change. On the
other hand, the ±40°, 0° interspersed construction of blades SIN T -9 and SiN T-10 coupled
with the use of A-S fiber caused little change in any mode over SiN T-4. The use of the
same construction for blades SiN T-12 through SIN T-22, but with 0.127 mm [5 mil]
prepreg in the core instead of 0.254 mm [10 mil] produced significant frequency changes.
Increases of 8.5 percent and 4.5 percent in first and second bending, respectively, were noted
while a 4.8 percent drop in torsional frequency was observed. Of interest is the reproducibi­
lity in the frequencies of like construction blades (SIN's 12, 14, 21, 22) with maximum de­
viation from mean values at each of the three vibrational modes of 0.7 percent, 0.7 percent,
and 1.2 percent, respectively.

Reduction in natural frequencies in all three modes was noted after the completion of each
test evaluation series. Major changes occurred in the original spin-up to 100 or 105 percent
speed and in the first 50 cycles in LCF. Largest reductions were noted in the first bending
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mode, ranging from 5 to 7 percent. Only minor frequency changes resulted from HFF, ran­
ging from 0.1 to 2.6 percent in all modes, while essentially no additional damage was incur­
red in the final 10 cycles in LCF. It is interesting to note that the total change in first bend­
ing for blade SiN T-lO from before test until final evaluation was only 20 Hz or 7.8 percent
while serious delamination was noted even after original spin-up to 110 percent speed.

Spin test history for each blade is tabulated in Table 1-III. Figures 1-1 through 1-17 exhibit pic­
torially results of P&WA ultrasonic inspection and visual inspection at various stages in the
evaluation. While a large number of maps were prepared, only those showing significant
changes have been reproduced here.

Blade SIN T-l exhibited a small, narrow, ultrasonic indication (Figure 1-1) as fabricated, which
was presumed to be a delamination. This indication expanded to the root area after spin-up
to 90 percent speed, and blade failure was experienced at 100 percent speed.

Blade SiN T-2 survived the entire testing procedure beginning with an as-fabricated indica-
tion (Figure J-2) which grew steadily through initial spin-up and 30 cycles of LCF (Figure J-3).
No further change was noted through HFF and ten additional cycles of LCF. The perform­
ance of SiN T-4 was similar to T-1 although the ultrasonic C-scan was clear initially. Like­
wise, SiN T-9 was clear initially, but delaminated at 100 percent speed across the full-chord
width above the root, as shown in Figure 1-4.

Blade SiN T-lO, originally clear, survived the full test procedure and was ultrasonically clear
through 100 percent speed. Local, minor fiber lifting was observed at the tip and midspan
on the leading edge after 80 percent speed (Figure J-5). At 100 percent speed a crack appeared
in the root leading edge face in the composite between aluminum root wedges (Figure J-6).
At 110 percent, delamination occurred similar to the previous blade (Figure J-7). It was, how­
ever, further tested with no change noted in LCF, and only a slight expansion of the dela­
minated area was observed after HFF (Figure J-8). No additional delamination occurred in
the final LCF although some additional fiber lifting was noted (Figure 1-9), and one pressure
pad was lifted for a 5.08 cm [2 in.] length. A view of the low pressure face is illustrated in
Figure 8 along with the high pressure side of the airfoil, showing all indications. The survi­
vability of this blade was surprising since it was deviated in machining in that the root lead-
ing edge face was machined 0.203 cm [0.080 in.] short, placing the blade in the spin arbor
significantly displaced from the true stacking axis.

The performance of blade SiN T-12 was similar to blades SIN T-9 and SIN T-1 0, except de­
lamination occurred at 105 percent speed (Figure J-10). No further evaluation was conducted
on this blade.

Blade SIN T-14 went through the entire testing procedure. Figure J-11 illustrates an ultrasonic
clear blade, but some minor imperfections were observed on the leading edge guard prior to
test. Otherwise, the blade was sound except that the tip end was machined 0.203 cm
[0.080 in.] short. Figure J-12, J-13, and J-14 illustrate visual indications occurring during
initial spin-up although no ultrasonic indications were noted through 110 percent speed, a
decided improvement over previous blades. However, after 50 cycles LCF at 105 percent
speed, delamination was experienced (Figure J-15). An additional small piece (2.54 cm [1 in.]
length) of the leading edge guard was lost in HFF at the tip on the low pressure face, but no
additional damage was incurred in the final 10 cycles in LCF.
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For blade SIN T-21, no ultrasonic indications were observed during spin-up, but blade
failure occurred at 100 percent speed at the location indicated in Figure J-16. The perform­
ance of blade SIN T-22 was similar to several previous blades exhibiting delamination at
100 percent speed as shown Figure J-17.

As a post-test analysis, blade SiN T-2, which had survived the entire test procedure, was sec­
tioned and observed microscopically at P&WA. The sections confirmed the presence of
fabrication residual stress radial cracking in the core, which had been observed previously in
radiographs. The number of radial cracks had, in fact, increased significantly. Of more con­
cern was the serious amount of delamination between the shell and core mem bers and with­
in the core. The analysis identified a shear type failure, induced predominantly by the high
stresses of spin testing, but accentuated by the core/shell residual stress concentration in
the composite. Otherwise, the blade was sound with no porosity observed although some
fiber dislocations were observed. This observation led to the use in subsequent blades of
high density fibers strategically located for radiographic identification for fiber orientation
maintenance. Processing procedures were also modified to achieve minimum fiber displace­
ment in fabrication. The technique significantly improved blade quality.

From the test results, it is apparent that failure occurs or is initiated at or near the contour
discontinuity in the airfoil about 5.08 cm [2 in.] above the root at midchord (sometimes
described as the "bump" area) or at the severe leading edge curvature above the root. In the
high stress loading environment of high speed spinning, these sharp contour changes appear
to induce a shear stress condition beyond the capability of the laminated composite con­
struction.

SUMMARY AND CONCLUSIONS

It was demonstrated that sound, high quality, complex fan blades could be reproducibly
fabricated using PMR-ll polyimide reinforced with A-S/type graphite fiber. Very signifi­
cant performance improvements were demonstrated through the use of this material com­
bination, improved processing techniques, and improved composite construction compared
with previously tested blades. The average speed at which delamination initiated was in­
creased from 65 percent of full speed for original contract blades to 105 percent. On the
basis of centrifugal loading, this represents an increase in failure initiation stress of 137 per­
cent. However, with the current design, the blade must be considered marginal for full op­
eration in the stress environment intended. Operation somewhat below 100 percent of full
speed, 670.6 m/sec [2200 ft/sec] tip speed is fully practical.

The totally interspersed composite construction was found to eliminate residual stress crack­
ing and the 0.127 mm [5 mil] core laminae provided improved performance over the
0.254 mm [10 mil] in the original blade design. For the totally interspersed orientation in­
vestigated (+40°, 0°, -40°, OO)n' increases were noted in blade bending vibrational modes
with some reduction in torsional frequency. Natural frequencies can, however, be tuned by
varying fiber orientation angles and/or the ratio of radial oriented to cross plied material.
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In conclusion, the PMR-ll/A-S combination provides one of the highest strength and shear
capability, low density composite materials of construction available at this time. Ultra­
sonically sound, ultra high tip speed blades fabricated with this material with accurate main­
tenance of composite quality and fiber alignment as determined by radiographic tracer
examination have demonstrated only marginal survivability. Further blade performance im­
provements for this application must, therefore, be sought through improved airfoil and
root retention designs. Additional considerations should include such factors as root wedge
material selection and, looking forward to jet engine operation, the incorporation of a lead­
ing edge guard scheme that not only survives the spinning environment but provides the
necessary degree of foreign object damage protection.
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LE

AS
FABRICATED

Blade Inspection Results; Blade Serial
No. T-2, as Fabricated.

51mm

Figure J-2

LE

Blade Inspection Results; Blade Serial
No. T-], as Fabricated.

AFTER 90%

FigureJ-l

T

r 28mm

LE ...l-

AFTER 100% CRACK

Blade Inspection Results; Blade Serial
No. T-9, After 100 Percent Speed.

FIBER LIFTING

Figure J-4

CRACK
30 LCF

AFTER 100%

AFTER 90%

AFTER 60 - 70%

Blade Inspection Results; Blade Serial
No. T-2, After Progressive Speeds and

30 LeF Cycles.

FigureJ-3
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FigureJ-5

AFTER 80%

Blade Inspection Results; Blade Serial
No. T-10, After 80 Percent Speed.

Figure J-6
Blade Inspection Results; Blade Serial
No. T-10, After 100 Percent Speed.
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FigureJ-7

AFTER 110%

Blade Inspection Results; Blade Serial
No. T-10, After 110 Percent Speed.

FigureJ-8
Blade Inspection Results; Blade Serial
No. T-10, After 107 HFF Cycles.
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51mm PAD LIFTED

51mm

AFTER 10 LCC AT 100%

Blade Inspection Results; Blade Serial No. T-10, After Final LeF Test.
Figure J-9

LE SMALL DENTS
IN LEADING
EDGE GUARD

51mm
BEFORE TESTING

AFTER 105%

Figure J-1 0 Blade Inspection Results; Blade Serial
No. T-12, After 105 Percent Speed.

Figure J-11 Blade Inspection Results; Blade Serial
No. T-14, Before Testing.
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GUARD SEPARATED
FROM BLADE

LARGER PIECE

MISSING
5mm X 5mm

AFTER 105%

Figure J-13 Blade Inspection Results; Blade Serial
No. T-14, After 105 Percent Speed.

AFTER 80%

SMALL PIECE OF
COMPOSITE MATERIAL

MISSING
3mm X 3mm

Figure J-]2 Blade Inspection Results; Blade Serial
No. T-14, After 80 Percent Speed.

CRACK

DELAMINATED

~95mm

GUARD
MISSING

SMALL

}
INDENTATION
ALONG LEADING

EDGE

AFTER 50 LCF 105%

AFTER 110%

Figure J-14 Blade Inspection Results; Blade Serial
No. T-14, After 11 0 Percent Speed.

Figure J-15 Blade Inspection Results; Blade Serial
No. T-l4, After 50 LCF Cycles at 105

Percent Speed.
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MISSING

AFTER 7 SEC AT 100%

Figure J.16 Blade Inspection Results; Blade Serial
No. T-21, After 7 Seconds at 100

Percent speed.

TWO CRACKS

64mm

AFTER 100%

Figure J-17 Blade Inspection Results; Blade Serial
No. T-22, After 100 Percent Speed.
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